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ABSTRACT 
This thesis examines the soil moisture states of the tropical montane mainland 
forest of the Mae Sa catchment in Chiang Mai, Northern Thailand. The objectives of 
this thesis are three-fold. First, this thesis describes the temporal trends of soil 
moisture states in the upper decimeters of three forest types. They are the dry 
dipterocarp forest, the mixed evergreen forest and the pine forest. Second, it 
investigates the hypothesis that soil moisture variability changes in relation to the 
dominant moisture states, that is, the wet and dry seasons. Emphasis is given to 
examining moisture variability between seasonal changes. Finally, soil moisture 
between two land use/cover types, the aforementioned forest types and a rubber 
plantation, are compared and described. Fieldwork was undertaken between January 
and October of 2009 in the three common forest types of the Mae Sa catchment.  
The temporal trends of the soils moisture states in the upper decimeters are 
described and the findings suggest that similar patterns exist across all three forest 
types. Results indicate that soil moisture is more variable during the latter half of the 
year, that is, the months spanning the wet season and the drying down inter-season 
thereafter. This finding of the forest is compared with that of a juvenile rubber 
plantation and found to be consistent although moisture levels were lower at the 
rubber plantation. The combinative use of high temporal frequency dataset with high 
spatial frequency dataset was also explored and discussed to be complementary 
measurements that will yield insights to better understanding of catchment hydrology.  
Keywords:  soil moisture, Mae Sa, Chiang Mai, tropical montane forest, precipitation, 
land use land cover 
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1.1 Ecohydrological Effects of Rapid Economic Development 
In the late 20
th
 century, economic development drove and accelerated 
deforestation and land cover conversion in many parts of the world at an 
unprecedented rate. The single biggest direct cause of tropical deforestation is 
conversion to cropland and pasture, mostly for subsistence, that is, growing crops or 
raising livestock to meet daily needs (NASA, 2007). Parts of the forests found 
converted to agriculture land were often the result of government instituted 
environment development policies that undergird human responses to economic 
opportunity by amplifying or attenuating local factors (Lambin et al., 2001; With, 
2005).  
In the 2005 Global Forest Resources Assessment conducted by the Food and 
Agriculture Organization (FAO) of the United Nations, total world forest area was 
tabulated to be slightly less than four billion hectares, making up 30% of total land 
area. While total forest continued to decrease between 1990 and 2005, the rate of net 
loss was found to have slowed down in the new millennium (Table 1.1) (FAO, 2005). 
However, the effects of deforestation and land conversion continue to ripple on. In 
particular, at the absolute value of 1.0%, South and Southeast Asia remain one of the 
Chapter 1   Introduction 
  2 
regions with the highest percentage and largest extend of change (Table 1.1). The 
resulting changes to land use and land cover are pervasive and the potential 
consequences are of global significance. Dynamics of ecosystem functions, which are 
critical to Earth‟s functioning and human welfare, risk being further altered and 
deteriorated (Costanza et al., 1997; Vitousek et al., 1997). 
While the driving forces of changes in land use are often rooted in the 
economy, the value of the ecosystem is often given little weight in policy decisions 
because they are not fully captured in economic terms (Bürgi et al., 2004). 
Information is often lacking regarding the physical changes to ecosystems, the socio-
economic consequences that might result from alternative courses of action, as well as 
the value of those changes (Bingham et al., 1995). However, the valuation of 
ecosystem processes and functions are inseparable from the decisions and choices one 
has to make about the ecosystems (Turner and Pearce, 1993). In an attempt to 
estimate the economic value of ecosystem services, the average global value of the 
annual ecosystem terrestrial services was valuated to be at minimum USD $12, 319 x 
10
9
 per year (Costanza et al., 1997)
1
. When exemplified in ecological terms, this 
monetary valuation of the services provided by an ecosystem can include soil sinks 
which account for the largest terrestrial organic carbon pool, and soil organic matter
                                                 
1
 Costanza et al. (1997) surfaced two key areas that needed to be valuated and considered in the 
policy decisions. Firstly, ecosystem functions, which refer to the habitat, biological and 
ecological processes of earth‟s systems; and secondly, derivative ecosystem goods and services 
such as food and waste assimilation that benefit human population. The term „ecosystem 
services‟ was coined and used to refer collectively to ecosystem goods and services. 
 3 
Table 1.1   Change in extent of forest 1990-2005 (Source: FAO, 2005) 
Region 
Forest 
Area Annual change rate 
1990 2000 2005 1990-2000 2000-2005 
1000 ha 1000 ha 1000 ha 1000 ha/yr % 1000 ha/yr % 
Eastern and Southern Africa 252,354 235,047 226,534 -1,731 -0.7 -1,702 -0.7 
Northern Africa 146,093 135,958 131,048 -1,013 -0.7 -982 -0.7 
Western and Central Africa 300,914 284,608 277,829 -1,631 -0.6 -1,356 -0.5 
Total Africa 699,361 655,613 635,412 -4,375 -0.64 -4,040 -0.62 
East Asia 208,155 225,663 244,862 1,751 0.8 3,840 1.6 
South and South-east Asia 323,156 297,380 283,127 -2,578 -0.8 -2,851 -1.0 
Western and Central Asia 43,176 43,519 43,588 34 0.1 14 <0.1 
Total Asia 574,487 566,562 571,577 -792 -0.14 1,003 0.18 
Caribbean 5,350 5,706 5,974 36 0.6 54 0.9 
Central America 27,639 23,837 22,411 -380 -1.5 -285 -1.2 
North America 677,801 677,971 677,464 17 <0.1 -101 <0.1 
Total Europe 989,320 998,091 1,001,394 877 0.09 661 0.07 
Total North and Central America 710,790 707,514 705,849 -328 -0.05 -333 -0.05 
Total Oceania 212,514 208,034 206,254 -448 -0.21 -356 -0.17 
Total South America 890,818 852,796 831,540 -3,802 -0.44 -4,251 -0.50 
Total World 4,077,291 3,988,610 3,952,025 -8,868 -0.22 -7,317 -0.18 
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which is one of the key determinant of nutrient cycle productivity in unmanaged 
ecosystems (Jobbagy and Jackson, 2000; Chapin et al., 2002).  
Given that the interactions and feedback of land cover conversion are 
invariably linked back at the earth surface, the valuation was a timely starting point to 
discerning the earth‟s natural capital. The impacts of land cover conversions are far-
reaching on the environment, affecting carbon and nutrient cycles as well as 
modifying the hydrological cycle. Explosive growth in tropical deforestation rates in 
the last several decades has elevated the importance of soil, vegetation, atmosphere 
processes. For instance, the change from a tropical forest to plantation may result in 
altered forest composition, microclimate and soil environment (Chapin et al., 2002).  
In particular, soil moisture emerges as a paramount component in shaping the 
ecosystem response to the physical environment in the climate system and nutrient 
cycles (Chapin et al., 2002). The global hydrological cycle comprises of continuous 
water transport among oceans, land and atmosphere. The two major branches of 
hydrological cycling are atmospheric and terrestrial – principally, evapotranspiration 
and precipitation respectively – and both are linked with soil moisture dynamics 
(Aguado and Burt, 2003). Water held in the soil is critical in hydrological cycling. 
Within the water balance, soil is the store and regulator in the water flow system of 
ecosystems. First, it is likened to a temporary warehouse for the input from 
precipitation, through which organisms is allowed access and use. Second, it 
moderates the major outflows and is a residual term for including runoff and 
evapotranspiration (Noy-Meir, 1973; Mahmood, 1996). To discern the water content 
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held in soil, four key components need to be accounted for, namely precipitation as an 
input, evapotranspiration, subsurface flow and groundwater recharge.  
At the earth‟s surface, the overall quantity of soil moisture is approximated to 
~0.05% of the global water balance and to 0.15% of the liquid freshwater on Earth 
(Dingman, 2002). Soil moisture, though small in value in terms of the global 
hydrological cycle, is an influential store of water in the water budget (Western et al., 
2002). The central role of soil moisture in terrestrial water cycling far outweights its 
physical amount. It exhibits non-linear influences in portioning precipitation into 
surface and sub-surface flows, especially in terrestrial water cycling of a catchment, 
influencing infiltration and runoff capacity (Daly and Porporato, 2005). Near-surface 
soil moisture also controls the partitioning of available energy and heat fluxes at the 
ground surface, and is essential in predicting the reciprocal influence of land surface 
processes to the water balance (Robock et al., 2000). 
Coupled with the perspectives of terrestrial influences like vegetation, 
ecohydrology is broadly understood as the science which studies the interplay 
between water resources and ecosystems. It seeks to describe the hydrological 
mechanisms that underlie ecological patterns and offers perspectives to the 
investigation of soil moisture variation in heterogeneous vegetation cover as well as 
between seasons (Rodriguez-Iturbe, 2000; Daly and Porporato, 2005). With the 
centrality of soil moisture in hydrology, coupled with the state of forest removal and 
land cover changes, there is an urgent need to deepen the understanding of ecological 
and hydrological interactions in both natural and disturbed environments (Guardiola-
Claramonte et al., 2008).  
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1.2 Significance of Understanding Soil Moisture Content in 
Montane Mainland Southeast Asia 
Figure 1.1 delineates the boundary of the montane mainland Southeast Asia. It 
is defined as an isolated upland area constituting approximately one-half of the land 
area of Cambodia, Laos, Myanmar, Thailand, Vietnam and Yunnan Province, China 
(Fox and Vogler, 2005). Headwaters of many major river systems of mainland 
Southeast Asia as well as troves of biological diversity are located in the region. In a 
large-scaled study that looked over 50 years of data, the changes in land use and land 
cover of montane mainland was found to be prominently driven by economic factor, 
amidst the other multifactor terms of causation (Fox and Vogler, 2005). 
Table 1.2 highlights the decrease in forest cover specific to South and 
Southeast Asia, from -0.8% per annum between 1990-2000 to -1.0%, during the 
period of 2000-2005. Of which, the extent of montane forest in Thailand decreased 
9%, from 16 million hectares in 1990 to 14.5 million hectares in 2005 (FAO, 2005). 
Hence, Thailand emerged as a natural choice of study given the propensity of land use 
change the country had undergone since the early 1950s. Couple the augmented rates 
of tropical land cover conversion with the tropical forest biome‟s valuation at USD 
$3813 x 10
9
 per year, there gives ample motivation for the scientific study of the roles 
and responses of soil moisture (Costanza et al., 1997). 
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Figure 1.1 Boundaries of the Montane Mainland Southeast Asia, as 
delineated by shaded area, spanning Cambodia, Laos, 
Myanmar, Thailand, Vietnam and Yunnan Province, China. 
(Adapted from Fox and Vogler, 2005) 
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Table 1.2 Change in extent of forest 1990-2005 in Asia (Source: FAO, 2005) 
Region 
Annual change rate 
1990-2000 2000-2005 
1000 ha/yr % 1000 ha/yr % 
East Asia 1,751 0.8 3,840 1.6 
South and South-east Asia -2,578 -0.8 -2,851 -1.0 
Western and Central Asia 34 0.1 14 n.s. 
Total Asia -792 -0.14 1,003 0.18 
Soil moisture studies have mainly focused on characterizing soil moisture 
fields at different spatial and temporal scales. Observations have been carried out at 
different scales. Large-scaled observations have given researchers access to the direct 
study of intrinsically large-scale phenomena, such as the exchange of ground water 
and surface water at the river-basin scale. One of more commonly researched areas 
includes showing the relationships between topographical factors and spatial 
distribution of soil moisture (Blume et al., 2009).  
In smaller-scaled studies, such as at the catchment level, soil moisture is the 
major control for rainfall-runoff response. Notwithstanding its importance, the 
understanding of soil moisture in relation to the various hydrological processes in 
small catchments sized 0.1-1 km
2
 and sub-catchments sized 1-80 km
2
 is approaching 
an impasse (Robinson et al., 2008). Given the highly variable nature of soil moisture 
in both time and space, repeated surveys in small catchments may help illuminate 
locations where soil water contents are temporally stable and can be identified as 
benchmark representation of moisture conditions (Tallon and Si, 2003; De Lannoy et 
al., 2007). Grayson et al. (1997) studied the existence of certain locations in 
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catchments that consistently exhibit mean behaviour irrespective of the overall 
wetness. In doing so, two immediate functions stand out. Firstly, soil moisture 
contents can be up-scaled and monitored effectively using these established patterns 
because such areas would serve as a good predictor of the particular location (Guber 
et al., 2008). Secondly, this improves the utility and viability of estimating an area-
averaged soil water content at various depths, where point measurements can be used 
in a more comprehensive and insightful way to determine precise areal estimates of 
soil moisture (Grayson et al., 1997).  
With improved characterization of soil moisture dynamics on the temporal and 
spatial fronts, observations may be integrated to predict hydrological state variables 
and parameters at the catchment scale (Vereecken et al., 2008). Observations made at 
such well-characterized locations could complement the large-scaled observations to 
allow the easier testing of transferability of concepts developed from small-scale 
studies, thereby lending predictive understanding between hydrologic and ecosystem 
interactions (Hooper et al., 2004). 
Since majority of the existing soil moisture investigations have been focused 
on loess plateaus and deserts in semi-arid areas, much regarding the soil moisture 
status of different land covers of the tropical environment remains uninvestigated and 
poorly understood (Grayson et al., 1997). The Mae Sa catchment in Chiang Mai, 
Northern Thailand has been one of the key areas of investigation in land cover 
characterization and hydrological measurements in montane mainland Southeast Asia 
(Fox and Vogler, 2005). In order to build an adequate knowledge base of 
ecohydrological influences across a range of scales, repercussions of land use land 
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cover change on local and regional energy and moisture fluxes have been simulated. 
The consequences of the changes for continental scale atmospheric circulation and 
climate have also been modelled (Fox et al., in preparation). Key hydrological 
variables within each catchment function continue to serve as a crucial dataset to 
understanding the catchment (Guardiola-Claramonte et al., 2008).  
In addition to understanding catchment hydrology, the climate of the montane 
mainland of Southeast Asia has seen the rapid emergence of rubber as the hallmark of 
a larger land use and land cover transition. Land use and land cover are two different 
concepts; while land cover refers to the composition of the features of the earth‟s 
surface, land use refers to the type of human activity taking place at or near the earth‟s 
surface (Cihlar and Jansen, 2001). In the recent decades, rubber has been sweeping 
through montane mainland Southeast Asia and more than 500 000 hectares of the 
mountainous forest have been converted to rubber plantations (The Straits Times, 
2009; Ziegler et al., 2009). This rapid land use change where forest has given way to 
plantation and agriculture land has heightened the urgency of uncovering the 
consequential hydrological threats. The findings of this research will contribute to the 
ecohydrological research in the region, whereby the heightened understanding of soil 
moisture information will later be useful in local environmental monitoring and 
management as well as regional estimations of environmental changes. 
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1.3 Hypothesis and Objectives 
This thesis will concentrate on the investigation of soil moisture dynamics in 
the Mae Sa catchment of Chiang Mai, Northern Thailand. Soil moisture has been 
demonstrated as a crucial factor in the ecohydrology of a small tropical catchment, 
where climate is monsoonal with a well-defined annual rainfall cycle. It is commonly 
acknowledged that soil moisture changes with the dominant climatic moistures states, 
that is, the wet and dry season (Western et al., 2002). The motives of this 
investigation is undergirded by prior research and will in turn, offer insights into the 
temporal variation of soil moisture in the Mae Sa catchment. The research further 
hypothesizes that the variability of soil moisture from the area-averaged water content 
is different between the dominant moisture states of Mae Sa catchment That is, there 
are time periods where soil water contents are either consistently larger or consistently 
less than the average of wet and dry season. Therefore, this thesis examines the 
following three objectives in the three common forest types of the Mae Sa catchment. 
First, this thesis is set out to describe the temporal trends of soil moisture 
states in the upper decimeters and present that similar patterns exist across all three 
forest types. They are the dry dipterocarp forest, mixed evergreen forest and the pine 
forest. Attention is given to the investigation of surface soil moisture variation where 
it is postulated that moisture at 0-5 cm soils vary at a greater magnitude throughout 
the year than soil moisture at 100 cm and 200 cm. The five-year averages of soil 
moisture data from the forest types are examined and discussed. This study uses data 
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from three fixed sites, one in each forest cover, to understand the consistency of 
similar patterns.  
Second, this study investigates and establishes the temporal dynamics of soil 
moisture over the seasonal changes spanning the year 2009. In addition to the five-
year dataset, fieldwork was carried out between January 2009 and October 2009 to 
examine the soil moisture states in the dry and wet season as well as the inter-seasons, 
that is, the wetting up and drying down inter-seasons. The investigation sought to 
examine if soil moisture in the tropical catchment of Mae Sa has greater temporal 
stability in the dry and wet seasons than the wetting up and drying down inter-seasons. 
Both datasets are complementary and will lend some assessment and weight to the use 
of combination datasets, including the pairing of high frequency time series and high 
intensity spatial sampling.  
Third, the variability of soil moisture between two land use/cover types, the 
aforementioned forest types and a rubber plantation, are compared and described. 
Given the intensity of land use change in South East Asia as highlighted in the 
opening chapter, the comparison of soil moisture in forests and a rubber plantation 
presents opportunities for a greater understanding of spatially distributing bulk 
estimates of catchment soil moisture. Such identifications of patterns of soil moisture 
could be useful for the investigation of runoff generation processes, especially in the 
deforested areas of the Mae Sa catchment which is comprised of a mosaic of 
secondary forest types of various ages and land covers including rubber plantations.  
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1.4 Organization of Thesis 
 The organization of this thesis is as follows: 
Chapter 2 introduces the catchment according to the hydrological input and 
output. The paramount role of soil moisture in the hydrological balance is also 
explored in accordance with the spatial and temporal influences.  
Chapter 3 describes the study sites and methodologies. Sampling criteria, 
fieldwork procedures, laboratory methods and statistical tests for soil moisture 
analysis are detailed. 
Chapter 4 details the analysis soil moisture variation between different depths 
and seasons.  
Chapter 5 interprets results in relation with past and existing research and 
makes suggestions for further explorations.  






2.1 The Role of Soil Moisture 
Within the global hydrological cycle, the overall quantity of soil moisture is 
approximately 0.05%. This relatively small quantity however, exerts disproportionate 
influence on the global energy balance and the distribution of precipitation (Robinson 
et al., 2008).  
The water balance of any area, in a given period of time, is determined by 
inputs and storages, such as the way in which precipitation is partitioned between the 
processes of evapotranspiration and run-off, while taking into account the changes in 
water storage (Thomas and Goudie, 2000). Precipitation, as an independent input 
variable, is often quantified as a key component in the descriptions of climate. The 
frequency of rainfall and the intensity of storm events are part of the independent 
input that is transformed into dependent output variables, including evapotranspiration, 
runoff and changes in the soil moisture and ground water storage of the system 
(Beldring et al., 1999).  
Soil can be described as the store and regulator in the water flow system of 
ecosystems. Since the hydrological cycle is framed over a period of time, water held 
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in the soil is critical in the water cycling. First, it is likened to a temporary warehouse 
for the input from precipitation, through which organisms are allowed access and use. 
Second, it moderates the major outflows and is a residual term for including runoff 
and evapotranspiration (Noy-Meir, 1973; Mahmood, 1996).  
To discern the water content held in soil, four key components need to be 
accounted for, namely, the aforementioned precipitation as an input, subsurface flow, 
groundwater recharge and evapotranspiration (Thomas and Goudie, 2000). Given 
precipitation, infiltration is driven by gravitational forces that move water to percolate 
the soil layers. This infiltrated water percolates downwards through the permeable and 
porous soil as subsurface flow until the onset of an impeded horizon, marked by either 
general saturation or non-porous material. The water is then diverted laterally. Most 
groundwater systems are recharged via drainage from soil profile. The precipitation 
continues to be absorbed, eventually adding to the saturated zone within the bedrock. 
Where soil moisture has been depleted due to percolation loss to other horizons or by 
evapotranspiration, soil water store may be replenished from the capillary rise from 
groundwater tables during dryer periods (Beldring et al., 1999; Western et al., 2002). 
Above the soil, evapotranspiration occurs. Factors, including climatic 
conditions, soil hydrology and plant conditions, contribute to this dynamic diffusion 
of water vapour into the atmosphere from vegetated surfaces. The fluxes of 
evapotranspiration are also affected by biotic factors, including ecosystem structure, 
as well as abiotic factors such as prosity and soil texture. If precipitation, at the outset 
of analysis, is regarded as a gross surrogate of soil moisture in determining plant 
ecosystem structure at the continental scale, the actual assessment of plant conditions 
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then depends on specific soil moisture dynamics at a site (Porporato and Rodriguez-
Iturbe, 2002). 
Soil water content is therefore critical to understanding ecological processes. It 
influences fundamental processes such as nutrient uptake, respiration and 
photosynthesis (Chapin et al., 2002). The state of surface soil water content and its 
regular patterns also cause forest ecosystem activity to vary, bearing in mind other 
hillslope parameters (Band et al., 1993). Soil moisture is also critical in the complex 
interactions and feedback cycle between climate, fires and forest dynamics, wherein 
at the post-burn soil condition is presented to be water repellent (DeBano and Letey, 
1969; Miller and Urban, 1999; DeBano, 2000).  
Hence, the quest to understand hydrological factors in determining the natural 
development has taken shape through the various research fronts. In particular, the 
discipline of ecohydrology offers a vantage point in distilling the role of hydrological 
factors in ecology and vegetation (Wassen and Grootjans, 1996). Over the years, the 
scope of ecohydrology has expanded from unilateral plant-water relations, to the 
inclusions of ecohydrological interactions in forests, to the study of the functional 
interrelations between hydrology and biota at the catchment scale (Baird and Wilby, 
1999; Zalewski, 2000).  
As a result, Hannah et al. (2004) argued that the definition, and hence the 
discipline, of ecohydrology should include these five distinctions: 
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1. To consider the bidirectional nature of hydrological and ecological 
interactions as well as the significance of existing feedback mechanisms; 
2. To uphold the requirement for understanding processes, as opposed to 
merely establishing functional linkages without hinting at a probable 
chain of causation; 
3. To ensure that the subject matter comprises water-dependent 
environments and whole ecosystems; 
4. To pursue considerations of process interactions operating at a range of 
spatial and temporal scales; and 
5. To recognize the interdisciplinary nature of the research philosophy. 
Since 1991, the dominant research approaches in this synergistic discipline has 
have often considered patterns and processes while the minority focussed on 
modelling and management. Research scales tend to vary within the full spectrum, 
with meso-scaled and macro-scaled studies being more common (Hannah et al., 2004). 
In light of the above, all the distinctions are exhibited in the undertaking of 
ecohydrology as a hydrological perspective of interactions between atmosphere, land 
and surface, or in specific terms, climate, soil and vegetation (Rodriguez-Iturbe, 2000). 
Although not entirely new, the definitions of the emerging discipline point to a gap 
between traditional subject boundaries that can only be bridged via such a 
multidisciplinary approach. This perspective of mutual interaction cannot be one of 
general and universal characteristics; in fact, it is critically affected by the scale of the 
investigations of the phenomena. In this regard, soil moisture is the key variable 
modulating the complex dynamics of the interplay between climate, soil and 
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vegetation (Porporato and Rodriguez-Iturbe, 2002). Figure 2.1 illustrates the degree of 
complexity which is dependent on the scale of interest and would entail various levels 
of analysis and simplifications, at which only the principal components may be 
retained. The relationships are reciprocal at various levels as climate exerts 
independent influence on soil and vegetation, soil affects vegetation, and vegetation 
reacts upon soil (Jenny, 1958; Burnham, 1985; Porporato and Rodriguez-Iturbe, 2002). 
 
Figure 2.1  Soil moisture as a key variable in modulating complex dynamics 
of the interplay between climate, soil and moisture. Level of 
analysis is defined by scale of interest in the interplay.  
(Adapted from Porporato and Rodriguez-Iturbe, 2002) 
Beginning with the largest and most generic description, large spatial scales of 
vegetation types at continental levels bring corresponding levels of transpiration and 
albedo into the equation. While the continual stability of the landscape is largely 
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governed by the climatic regime (O‟Neill et al., 1986; Chapin et al., 2002), the 
atmospheric component becomes somewhat influenced by the feedback within soil 
and plant systems (e.g. Segal et al., 1988; Sellers et al., 1997; Pielke, 2001). Likewise, 
studies concerned with the effects of historical land use patterns (Grubb et al., 1994; 
Burslem et al., 1994) and large-scale disturbances (Pickett, 1983) would complement 
and bring further understanding. 
While climate can explain the different vegetation at continental or even 
regional levels, the factors influencing vegetation patterns within a tropical forest can 
be streamlined to numerous environmental variations, such as abiotic and edaphic 
influence (e.g. Baillie et al., 1987; Chapin et al., 2002; Palmiotto et al., 2004; Russo 
et al., 2005; Paoli et al., 2006). Incidentally, at this smaller but more complex level, 
the links between soil moisture and soil nutrient cycles inter-relate with vegetation 
dynamics. This is similar to how spatial variations in the surrounding landscape could 
account for the heterogeneous patterns within the environment (Gleason, 1939; 
McIntosh, 1975). Likewise acute discontinuities in the physical environment, notably 
in soils, could account for sudden discontinuities in vegetation patterns (Gleason, 
1939; Whittaker, 1975). As illustrated in Figure 2.1, soil texture, soil organic matter 
and nutrients become direct recipients of feedback from soil moisture and vegetation. 
Finally, at the smallest and perhaps, most basic level of analysis, the spatial 
and temporal scales are tuned down to a few metres and a few months. In such 
instances, soil moisture pivots the balance between vegetation and the availability of 
water while all other factors, including precipitation and soil characteristics, may be 
considered as external forcing components (Porporato and Rodriguez-Iturbo, 2002). 
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In other words, selective parameters such as climatic factors are of less significance in 
explaining vegetation patterns among local vegetation communities as compared to 
the extreme importance of immediate site conditions (Turner, 1989). For instance, 
Chandler and Chappell (2008) discuss the spatial variability of soil moisture given the 
influence of individual oak trees on saturated hydraulic conductivity. In time, soil 
water contents have been revealed to have temporal stability where soil moisture is 
consistently more or consistently less than the study area average (Grayson and 
Western, 2001). In the context of an observed area, this spatial pattern will facilitate 
better average values as well as improve monitoring strategies. This temporal stability 
was observed to increase with depth (Guber et al., 2008).  
Consequently, the approach to the subject matter of soil moisture falls 
squarely in the aforementioned foci of the most basic level of analysis. Soil moisture 
remains a crucial link in explaining hydrological flows in the context of vegetation 
dynamics. From a catchment perspective, soil moisture is the major control of 
rainfall-runoff response. On the ecological front, deeper knowledge of the patterns 
and behavioural responses of soil moisture help shed light on the water conditions of 
forest types within the catchment. Within the boundaries of a specific catchment and 
forest types, this study is based on an agreement with the distinctions of ecohydrology 
and recognizes the consequential movement of water amongst the components of 
climate, soil and vegetation.  
Not only is soil moisture data used as a means to understand runoff generation, 
it is also a key component in the investigation of effects of land use change or 
management of hydrological processes (Blume et al., 2009). In the face of rapid land 
Chapter 2   Literature Review 
  21 
cover change where forest has given way to plantation and agriculture land as 
highlighted in Chapter 1, the urgency of uncovering the hydrological threats of land 
cover change calls for a reliable and rapid assessment. In particular, the climate of the 
montane mainland of Southeast Asia has seen the rapid emergence of rubber as the 
hallmark of a larger land cover transition (The Straits Times, 2009; Ziegler et al., 
2009). 
Therefore, this research is poised to illuminate the intricate patterns of soil 
moisture in a catchment where the water flows and moisture stores are undergirded by 
the historical land use that is now visible as secondary forest types. It is also important 
in the projection of future hydrological consequences of rapid land use change, 
especially in an area where land is highly sought after for conversion to rubber 
plantation. Overall, gaining insights to the soil moisture conditions potentially unlocks 
instrumental linkages between hydrological dynamics and future ecological patterns. 
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2.2 Spatial and Temporal Influences  
 While the techniques and approaches to investigating soil moisture have 
developed, soil moisture remains spatially and temporally variable. Most of the 
moisture dependent processes are dynamic. Hence, the understanding of the 
complexity of scale effects is doubly important in order for accurate predictions and 
effective aggregation of information (Western et al., 2002).  Consequently, most soil 
moisture studies have mainly focused on the characterization of soil moisture field at 
various spatial scales. At a regional and continental scale, soil moisture plays an 
important role in controlling water distribution through the feedback mechanisms of 
land-surface atmosphere (Koster et al., 2004). While so, the hillslope and catchment 
scales tend to find the temporal and spatial patterns of soil moisture to be controls in 
the process of flood control (Borga et al., 2007). Finally, at a plot scale, soil moisture 
is crucial for plant dynamics (Chandler and Chappell, 2008). It is noteworthy that the 
spatial and temporal aspects of soil moisture are associated and both facets contribute 
to a well-rounded understanding.  
 
2.2.1 Spatial Influences  
There have been numerous soil moisture studies based on land and 
atmospheric circulation. Starting with the 1970s, Charney (1975) suggested that the 
feedback between precipitation and surface albedo could explain desertification. It 
was later postulated that the atmospheric circulation over seasonal and inter-annual 
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time scales could be affected by the persistence of anomalies in soil moisture (Shukla 
and Mintz, 1982). The latter is fed by an evaporation feedback mechanism, one that 
causes the strong recycling of precipitation in the interior of continents. Thus, this is a 
more probable explanation than Charney‟s hypothesis (Cunnington and Rowntree, 
1986; Serafini, 1990).  
Previous investigative work on soil moisture and monsoon precipitation has 
also focused on how soil moisture affects the inter-annual variability of Asian and 
African monsoons (Sikka and Gadgil, 1980; Douville et al., 2001). However, the 
inadequacy of extrapolating processes and their estimates from small to large scale 
continues to be a challenge in the field of modelling. In turn, large-scaled modelling 
often suffers from oversimplification (Mahmood, 1996).  
On the other hand, the hydrological responses of a drainage basin are the 
function of small and meso-scale variations in geology, topography, vegetation and 
other landscape characteristics (Beldring et al., 1999). Given the large degree of 
variability in the hydrological processes and their consequential influence on the 
water balance, research has been carried out by means of subdividing the landscape 
into hydrological units. These hydrological response units are often characterized by 
the different temporal and spatial scales of water pathways and their travel time 
(O‟Loughlin, 1981). They are distributed and heterogeneously structured given their 
common climate, land use, geological and topographical associations (Flügel, 1995). 
At a catchment level, soil moisture patterns still remain poorly understood 
(Zhu and Shao, 2008). While precipitation exerts extensive effects on surface soil 
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moisture, especially during storms, soil texture has emerged as a more crucial factor 
in quantifying this influence (Yoo et al., 1998). Topographic conditions and surface 
conditions, including the overlying vegetation cover, are also the multi-faceted 
influences that the environment exerts over soil moisture. Factors range from 
subsurface topography (Chaplot and Walter, 2003), to soil configuration (Lin et al., 
2006), to precipitation and macroporosity (Famiglietti et al., 2008), to vegetation 
(Petrone et al., 2004; Pariente, 2002) and land use (Fu et al., 2003); all of which 
impact the variance and distribution of surface soil moisture along a hillslope. Hence, 
a large amount of information is often required to detail the spatial patterns and 
variations of soil moisture conditions. 
The influence of topography continues to be a key dependent variable in the 
distribution of soil moisture. Table 2.1 captures the classification of catchment 
topography by establishing three types of units in the catchment according to contours 
(Hack and Goodlett, 1960; Krasovskaia, 1985).  Likewise, Grayson and Western 
(2001) postulated that the classic topographic control on patterns of soil moisture in 
the root zone is restricted to particular temporal and spatial pre-requisites. Two key 
areas were identified. First, in gully areas where soil moisture is affected as a 
consequence of water collection and conveyance, and second, hillslopes where there 
is limited topographic influence even during the wet times. In the event of such 
influence, the variability of soil properties is a larger factor than lateral flow processes. 
At the root zone layer, no strong relationship was found between the near-
surface soil moisture and the plant available root zone soil moisture (Mahmood and 
Hubbard, 2007). For terrain to affect soil moisture in the root zone, the role of lateral 
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flow is emphasized, acting not only to redistribute soil water, but also in influencing 
runoff. The following assumptions need to be in place for significant lateral drainage 
to take place (Grayson and Western, 2001; Western et al., 2002). First, precipitation 
must exceed evapotranspiration for a prolonged period of time. This enables soil 
water to amass to almost saturated conditions, which allows for water to travel from 
hillslopes to gullies. Second, the lateral flow must be underlain by a restrictive layer 
that limits vertical drainage, and needs to be close to the rooting depth of the 
vegetation (Zavlasky and Sinai, 1981). Third, the influence of all other variables 
including soil properties and vegetation, needs to be relatively minor as compared to 
other topographic variables (Grayson and Western, 2001).  
 
Table 2.1  Classification of catchment topography (Grayson and Western, 
2001) 
Units Contours Descriptors 
Nose Convex outward The driest part, including the ridge crests 
Hollow Concave outward 
The central part of the basin along the stream 
with favourable moisture conditions 
Slope Nearly straight 
The zone between the nose and hollow with 
transitional moisture conditions 
While precipitation and soil response to rainfall exerted some control over soil 
moisture patterns, gradient contributed little to the spatial soil moisture patterns along 
the hillslope (Zhu and Shao, 2008). In semi-arid and arid areas such as the Loess 
Plateau of China, it was found that the variance of surface soil moisture decreased 
with increasing mean moisture (Zhu and Shao, 2008). While so, studies conducted on 
steep alpine terrain, for instance, that of the eastern Italian Alps, have found that the 
distribution of soil moisture at different depths of up to 20 cm was attributable to 
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different physical processes. In concurrence with Grayson and Western (2001), the 
same study also found terrain indices to be poor predictors of soil moisture spatial 
variability (Penna et al., 2009). However, topography and spatial distribution of soil 
appeared to control the spatial distribution of soil moisture content in a study done on 
a 1 km
2
 catchment (Crave and Gascuel-Odoux, 1997). Overall, the role of topography 
continues to exert varying degrees of influence on different investigative spatial scales. 
 
2.2.2 Temporal Influences 
There has been growing interest in catchment observatories through the 
replication of hillslope scaled soil moisture studies, especially in the quantification of 
pattern and variability (Zhu and Shao, 2008). The investigations are often dominated 
by hydrological processes and their dynamic occurrences at different spatial and 
temporal scale (Crave and Gascuel-Odoux, 1997). As such, geostatistical approaches 
to spatial stability were done based on keen knowledge of in situ soil moisture 
patterns at very fine resolutions. Studies based on extensive sampling over long hauls 
or intensive and dense sampling were able, in turn, to capture the spatial patterns of 
soil moisture (Western and Bloschl, 1999; Yoo, 2001). For instance, point-based 
measurements, having being applied to soil moisture scaling theory, were 
demonstrated to be good estimates of field averages (Warrick et al., 1977; Russo and 
Bresler, 1980). 
While much attention and focus has been given to spatial variability of surface 
soil moisture, investigations into temporal stability have gained momentum 
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(Famiglietti et al., 1999). The concept of temporal stability is described as the time 
invariant association between spatial location and parametric values; in other words, 
the persistence of the spatial pattern of soil moisture over time (Vachaud et al., 1985; 
Kachanoski and de Jong, 1988; Tallon and Si, 2003). For instance, a repeatedly 
surveyed catchment will yield locations where soil moisture patterns are persistent 
over time. This phenomenon has been observed in various different environments, 
and while the patterns may be consistently larger or smaller than the average, they 
may reduce the number of field sampling sites and still accurately characterize the 
behaviour of soil moisture within the study area in a given time (Vachaud et al., 1985; 
Guber et al., 2008).  
Guber et al. (2008) highlights three different time-dependent characteristics of 
soil moisture dynamics where there has been temporal stability. They are depth-
related and are namely, specific moisture content, total amount of soil water within a 
range of depths, and estimation of soil water fluxes at specific depths. In a study 
based on a spatially disturbed water and energy balance model, the temporal 
behaviour of surface soil moisture was found to exhibit three distinct regimes during 
the dry-down period (Peters-Lidard et al., 2001). The temperate regions of Australia 
also yielded findings where soil moisture could be classified into preferred states 
based on the soil moisture responses at different time periods of the year (Grayson et 
al., 1997). The wet and dry states happened at different times of the year where the 
amount of precipitation and evapotranspiration would give a handle to the degree of 
influence of other factors. Variability was also found to be lower in dry and wet states 
as compared to the in-between transitional stages.  
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2.3 Perspectives in Scales 
Each hydrological process exhibits preferred scales. Some are more distinct in 
the space while others are more pronounced in time. For instance, precipitation does 
not seem to display preferred scales (Gupta and Waymire, 1993). The ideal situation 
calls for processes to be observed at the scale they occur. However, this feasibility is 
constrained on two fronts. First, hydrological processes operate simultaneously at a 
range of scales, leaving a less than optimal option of observation and quantification. 
Second, there is often more interest in large-scaled processes, yet only small-scaled 
point samples are available. In both regards of measurement and modelling, scale can 
be further illustrated with a triplet of characteristics – support, spacing and extent 
(Western et al., 2002, after Blöschl and Sivapalan, 1995) (Figure 2.2).  
With reference to Figure 2.2, support is defined as the area or time over which 
a measurement averages the underlying variations, or over which a model assumes 
homogenous conditions. The decrease in support will lead to a resultant increase in 
variability given the lack of averaging and the increase in small-scale features. Next, 
spacing is the separation at which measurements are made or between the 
computational points in a model. An increase in space will cause less detail to be 
resolved, thereby enlarging the spatial size of the data. However, variability within the 
data remains unaffected (Western and Bloschl, 1999). Finally, extent refers to the 
total coverage of the measurement or the model. An increment in extent brings about 
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the inclusion of large-scale features. In this scenario, the variability and the size of 
features tend to increase (Western et al., 2002, after Blöschl and Sivapalan, 1995). 
 
Figure 2.2 The scale triplet (Western et al., 2002, after Blöschl and 
Sivapalan, 1995) 
 
To illustrate the effects of the scale triplet on the nature of information 
obtained, Figure 2.3a depicts an environment of large-scale variation with a set of 
smaller-scaled features superimposed as the word „scale‟. By passing a three-by-three 
averaging window over the data, Figure 2.3b illustrates the loss of small-scale features 
resulting from increasing support. Figure 2.3c depicts the loss of detail given the high 
spacing used and Figure 2.3d shows the loss of large-scale features when the extent is 
limited (Western et al., 2002). Practically, this progression in Figure 2.3 could be 
taken as a catchment and the spatial variation of various factors that influence soil 
moisture. Given the increased support, the smaller variation between minor 
topographic changes cannot be captured. Once the extent of the study area is 
established, the spacing between the study sites determines the selection of study sites 
that will be taken as representative of the extent of the study area. 
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Figure 2.3  The effect of changing each component of the scale triplet. (a) 
Original data, (b) the effect of increasing support, (c) the effect 
of increasing spacing, and (d) the effect of decreasing extent 
(Western et al., 2002). 
In recent years, soil moisture measurement methods have also advanced 
towards the assimilation of remotely-sensed areal soil moisture and ground-based 
point scale measurements (Vachaud et al., 1985; Walker et al., 2004; Bosch et al., 
2006). Given the small support and large space of ground-based measurement, the 
interpretation of data is challenging. Hence, the representative volume for the soil 
moisture measurement must be discerned in order for proper interpretation (Western 




STUDY AREA AND METHODOLOGY 
 
This chapter introduces the context of the thesis and discusses the methods 
employed in the investigation. First, the Mae Sa catchment is introduced in relation to 
the Chiang Mai province. All four study sites are described, including the three forest 
types and one rubber plantation. Second, the sampling strategies and fieldwork 
procedures are explained. Third, the instruments used are listed and the issues in 
sensor calibration and time-scales are discussed. Fourth, the laboratory work involved 
in the computation of volumetric soil moisture from soil cores is shown. Finally, the 
statistical methods employed for analysis are described. 
 
3.1 Study Sites in Chiang Mai Province, Thailand 
Situated between the latitude 17°15‟N to 20°10‟N and longitude 98°5‟E to 
99°35‟E, Chiang Mai is the second largest province of Thailand (Figure 3.1). Located 
700km north of Bangkok, the province houses some of the highest mountains in the 
country. Of the 20 107 km
2
, 80% is mountainous, with towering peaks lined-up at the 
perimeters of the province except for the wide basin of flatland at the southeast. The 
topography of Northern Thailand is mainly delineated by the upper reaches of the 
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Chao Praya watershed. The latter is divided into four main tributaries, namely the 
Mae Ping, Mae Wang, Mae Yom and Mae Nan. The study area, Mae Sa catchment, is 
located north of Chiang Mai City, in the Mae Ping sub-basin. Three of the forest types, 
namely the dry dipterocarp forest, mixed evergreen forest and the pine forests are 
located within the Mae Sa catchment.  
 
Figure 3.1  Location of Mae Sa catchment in relation to Chiang Mai, 
Thailand 
The climate of Northern Thailand is seasonal and can be classified into three 
distinct seasons – the cool dry season between November and February, the hot dry 
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season from March to April and the warm wet season spanning mid-April to 
September. The monsoon brings two distinct phases in the year, namely the dry and 
wet seasons. This oscillation in the regional large-scale circulation is associated with 
the seasonal reversal of wind and pressure as well as the land-sea temperature contrast. 
In the wet season, warm and moist winds blow inland from tropical oceans and bring 
most of the annual precipitation. These southwest monsoon winds bring about the wet 
season, which occurs from mid-April to October while the dry season occurs from 
January to April. With an annual rainfall that ranges between 1100 to 1500 mm, 80% 
of the total precipitation falls within the six-month rainy season. Rainfall tends to be 
more prolonged in the mountainous areas (Gardner et al., 2007).  
The study area, Mae Sa catchment, is a 74 hectare basin with extensive land 
covers extending from forest reserves to intensive agriculture. Mae Sa catchment 
receives the majority of its annual 1300-2000 mm of precipitation during the monsoon 
season and flows into the Mae Ping tributary (Gardner et al., 2007). More discussion 
takes place in the next section regarding the classification of seasons in the Mae Sa 
catchment. 
Of the four study sites, three are within Mae Sa catchment and are part of the 
Mae Sa Experimental Catchment project which houses 13 other stations that 
documents climate, soil and stream data (Figure 3.2). The study sites are forest types 
that are common and representative of the Mae Sa catchment. All soil profile 
descriptors in this thesis were taken from the Mae Sa Experimental Catchment field 
measurements conducted in 2004 (Ziegler, 2009). 
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Figure 3.2 Climate stations in the Catchment, established in 2004  
as part of the Mae Sa Experimental Catchment project 
(Adapted from Wang et al., 2010). Three study sites at the dry 
dipterocarp forest, mixed evergreen forest and the pine forest 
consist of both rain gauges and other climate monitoring 
systems. Other rain gauges in the Mae Sa Experimental 
Catchment indicated by smaller black circles. 
 
3.1.1 Dry Dipterocarp Forest 
The dry dipterocarp forest is the natural forest in the lowlands of Northern 
Thailand and can be found between 300 m and 600 m. Located at 18° 54‟ 14.5” N, 
98° 50‟ 20.3” E within the Mae Sa catchment, the dry dipterocarp forest is part of the 
Huai Dok Ngiew Forest (Plate 3.1). At an elevation of 820 m, the dry dipterocarp 
forest consists of typical forest species below open canopy. This recovered forest sits 
on the lower slope of a low relief mountain. The straight and gentle slopes are largely 
2-6°. In the vicinity, a water line runs downhill for irrigation and some grazing 
animals are present. In addition to soil moisture, this study site also comprises a 
meteorological station as well as some throughfall sampling stations. 
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Plate 3.1   Dry dipterocarp forest, with throughfall station inset. 
Six soil horizons were present between 0 cm and 180 cm, beyond which was 
the granite rock horizon. The transitions between the horizons alternated between 
gradual and clear but the break in the horizons were irregular. Soil was moist with 
clay in the top three horizons while gravel was present in the latter horizons. There 
was a rock outcrop at one of the corners of the sampling grid where the deepest soil 
horizon stopped at 80 cm.   
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Table 3.1    Descriptors of six soil horizons at the dry dipterocarp forest. Soil 
texture is clayey with a maximum of 20% gravel and small 
pebbles in the fourth horizon (67-87 cm onwards). (Source: 













1 0 12 Clayey 0% - 
2 12 18 Clayey 0% - 
3 30 37 Clayey 2% Gravel 










6 140 40 
Clayey with 
rocks 
5% Small pebble 
 
3.1.2 Mixed Evergreen Forest 
The mixed evergreen forest is part of the Bong Khrai Royal Forest Department 
Research Site (Plate 3.2). It is located at 18° 54‟ 01.5” N, 98° 48‟ 54.1” E and is 
comprised of secondary vegetation, including bamboo and some pine. The mixed 
evergreen forest sits on a high relief hillslope at an elevation of 950 m with gentle 
concave and straight slopes that run between 3-8°. While the mixed evergreen forest 
is part of an unattended reserve, activities in the vicinity include some orchard 
farming. The rain gauge is located 100 m from the edge of the mixed evergreen forest. 
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Plate 3.2   Edge of the mixed evergreen forest 
Likewise, the soil profile was divided into six horizons in this metamorphic 
rock area, as tabulated in Table 3.2. Transitions between the first three horizons were 
gradual but wavy and became diffused and irregular as depth increased. Soil was 
moist and loamy with a small percentage of stones in the deeper layers. 
Table 3.2   Descriptors of six soil horizons at the mixed evergreen forest. Soil 
texture is loamy with 5-10% of small pebbles and cobbles from 
the fourth horizon onwards (64-205 cm in depth). (Source: Mae 













1 0 15 Loamy 0% - 
2 15 12 Loamy 0% - 
3 37 27 Loamy 0% - 
4 64 41 Loamy 10% 
Small pebbles, 
pebbles, cobbles 
5 105 65 Loamy 5% Small pebbles 
6 170 35 Loamy 10% 
Small pebbles, 
pebbles, cobbles 
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3.1.3 Pine Forest  
The pine forest, at 18° 53‟ 05.3” N, 98° 50‟ 44” E, is located opposite the Mai 
Sa Mai Royal Project Site at an elevation of 950 m (Plate 3.3). , Previously an area 
dominated by opium plantation, the dominant vegetation cover in this unmanaged 
forest is pine with some bamboo and sparse undergrowth. Located on a high relief 
mountain, this gentle hillslope has both straight and convex slopes that run between 6-
11°. Some bamboo cutting and gathering takes place in the vicinity of the area. The 
rain gauge is located within the Royal Project Site. 
 
Plate 3.3   Pine forest on straight slopes with station inset 
The soil profile was classified into six horizons between 0 cm and 200 cm 
(Table 3.3). The transitions between the horizons were mostly gradual and smooth. 
Soil texture was loamy with varying degrees of grain size. There was a 30% to 50% 
composition of gravel, small pebbles and pebbles at depths between 30 cm to 121 cm. 
Mica flakes were also consistently present in the soil cores taken. 
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Table 3.3   Descriptors of six soil horizons at the pine forest. Soil texture is 
loamy in the top 120 cm and sandy at deeper depths with 30-
50% of gravel and pebbles between the third and fourth 













1 0 10 Loamy 0% - 
2 10 22 Loamy 0% - 
3 32 22 Loamy 30-50% 
Gravel, small 
pebbles, pebbles 
4 54 67 Loamy 30-50% 
Gravel, small 
pebbles, pebbles 
5 121 48 Sandy 5% 
Gravel, small 
pebbles, pebbles 
6 169 40 Sandy <5% - 
 
3.1.4 Juvenile Rubber Plantation 
In relation to the third hypothesis of investigating soil moisture variation 
across two land use types, the following juvenile rubber plantation was selected as the 
site for the comparative work of soil moisture states. It is situated at 18° 54‟ 56.9” N, 
99° 05‟ 57.4” E in Doi Saket, Chiang Mai, Thailand (Plate 3.4). This climate station 
was set up in early 2008 as part an existing study on land use land cover change that 
was tied in with the Mae Sa Experimental Catchment project. The land was prepared 
for planting in early 2008 and seeds were planted in late 2008. This plantation sits at 
the base of a low relief mountain. The straight slopes are gentle and fall between 1° 
and 3°.  
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Plate 3.4   Rubber plantation, newly seeded in late 2008 
The soil profile was classified into four horizons between 0 cm and 110 cm. 
The transitions between the horizons were smooth and gradual. The sandy soil varied 
from dry to moist and consisted of gravel as well as small pebbles in the deeper layers.  
Table 3.4   Descriptors of four soil horizons at the juvenile rubber plantation. 
Soil texture is sandy with up to 30% of gravel and small 
pebbles at the fourth horizon (80-110 cm in depth). (Source: 













1 0 10 Sandy 0% - 
2 10 22 Sandy 0% - 
3 32 48 Sandy 10% 
Gravel, small 
pebbles 
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3.2 Sampling Strategies  
Fieldwork mainly consisted of the collection of soil cores from the grids 
marked out in each study site. The same sampling strategies were repeated four times 
in 2009 over the seasonal inflexions in order to examine the temporal variation. 
 
3.2.1 Classification of Seasons and Resultant Sampling Periods 
The climatic context of the years of 2004 to 2009 showed mean annual 
precipitation of 1572 mm, computed from daily averages of three rain gauges situated 
within 100 metres of the study sites. Figure 3.3 displays the monthly mean 
precipitation averaged over data collected at the rain gauges at the three study sites.  
The precipitation trend was characterized by a lack of or low rainfall between January 
and March. Precipitation picked up in April and rainfall was distributed uniformly 
over the period of May, June, July and August. The peak in September was followed 
by a decrease in rainfall as the southwest monsoon ended.  
In relation to the objectives of this thesis, which is to examine soil moisture 
states, two distinct seasons were identified. First, the distinctive dry season that 
occurred between January and March and second, the wet season from May to 
September. In addition, this thesis has consequently defined two transitional periods, 
the wetting up inter-season between April and May, as well as the drying down inter-
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season from October to December. The mean monthly rainfall in each of these 
seasons is presented in Table 3.5. 
Hence, sampling was conducted during the seasonal inflexions as marked out 
in Figure 3.3. The four sampling times are namely late February for the dry season, 
mid-April for the wetting up inter-season, mid-June for the wet season and late 
September for the drying down inter-season. These sampling windows were carefully 
selected according to the precipitation trends and the inflexions in soil moisture 
changes to ensure that the soil surveys would capture the seasonality changes. The 25 
samples collected within the 40 m by 40 m grid are analyzed and described. 









































Figure 3.3   Precipitation within the Mae Sa catchment with wet season from 
June to September and dry season from December to January. 
Sampling conducted at the inflexions of different seasons and 
inter-seasons as indicated by the dotted lines – mid-February 
for the dry season, late April for the wetting up inter-season, 
mid-June for the wet season and late September for the drying 
down inter-season. 
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Table 3.5    Mean monthly rainfall (mm) across the seasons, averaged from 
daily rain gauge readings between 2004-2009. Three rain 
gauges located within 100 metres from the study sites were used 




Dry Jan-Mar 10 
Wetting up Apr-May 166 
Wet Jun-Sep 255 
Drying down Oct-Dec 63 
 
3.2.2 Sampling Scheme in Grids 
The four study sites were each marked out by a grid measuring 40 metres by 
40 metres, encompassing the existing climate stations that had been set up in prior 
projects. Within each grid, transects were laid at 10 metre intervals to give 25 
sampling points. Physical boundaries such as the forest edge had to be taken into 
consideration during the establishment of the grids. This resulted in the grids 
enveloping the stations as illustrated in Figure 3.4, with the station at the dry 
dipterocarp forest at B3, the station at the pine forest at C2 and the stations at the 
mixed evergreen forest and rubber plantation at C1.  
A time-domain reflectometer (TDR) was added to each station at the depth of 
30 cm and set to log moisture readings at 20-minute intervals starting from January 
2009. Each grid cell was 10 metres by 10 metres. At each point, in-situ soil moisture 
readings were taken with a handheld soil moisture sensor and soil cores were 
collected manually at 3 depths, namely 0-5 cm, 30 cm and 100 cm. 
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Figure 3.4  Grid defining sampling points at 10m intervals,  with locations of 
climate station as indicated by ‘D’ at grid B3 for the dry 
dipterocarp forest, ‘P’ at the grid C2 for the pine forest, ‘M’ 
and ‘R’ at the grid C1 for the mixed evergreen and the juvenile 
rubber plantation respectively. 
 
3.2.3 Soil Cores 
At all 25 sampling points, 3 soil cores were taken at the depths of 0-5 cm, 30 
cm and 100 cm. Holes were first bored with augers to the required depth before the 
AMS Soil Sampler was used to extract a standard volumetric sample of 81cm
3
. Extra 
precaution was taken to avoid distinctly large roots which could influence the physical 
and chemical properties of soils (Hill, 1972). The collected samples were labeled and 
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Adjustments were made for more efficient soil sampling after the first round 
of data collection in February 2009. At the depth of 100 cm, no statistical difference 
in means was found amongst the soil moisture of 25 soil cores verses a smaller 
sample of 13 soil cores of soil. Hence, the sampling intensity at 100 cm depth was 
reduced to 13 cores within the 40 m by 40 m grid, taken at alternate points within the 
grids. Meanwhile, the sampling intensity of cores at 0-5 cm and 30 cm remained 
unchanged.  
 
3.2.4 Secondary Parameters 
Other site conditions observed in this study included canopy cover as well as 
slope angle and composition of soil particles. Canopy cover was estimated using a 
densiometer. Readings were taken at all 25 sampling points at each forest types and 
an average was computed. Although slope angle was held as a constant in this study, 
they were still measured at each study site. An Abney Level was used to determine 
slope angle at every 10m interval according to the grids. The readings were averaged 
for each transect. The conditions have been reported in Chapter 3.1. 
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3.3 Instrumentation  
There are two standard quantitative definitions of soil moisture (Topp, 1993; 
Hillel, 1998). The gravimetric is defined as the mass of water divided by the mass of 
soil while the volumetric is defined as the volume of water divided by the volume of 
soil. Given dry soil bulk density, volumetric soil moisture can be derived from 
gravimetric soil moisture. 
Standard techniques include the thermogravimetric determination and neuron 
scattering. The measurement of dielectric properties of soil is also a commonly used 
method, for instance the TDR method (Haigh and Dyckhoff, 1996; Bárdossy and 
Lehmann, 1998). These techniques typically have small supports, ranging from 1 cm 
to 10 cm. The spacing between permanently installed moisture sensors may vary from 
metres up to hundreds of kilometres, as determined by experimental objectives 
(Western et al., 2002). While soil moisture contents are taken in a small proportion of 
the study area, ground-based measurement allows for temporal patterns at a point to 
be accurately gauged. 
In this study, soil moisture readings were also taken in-situ using the Campbell 
Scientific CR 616 Water Content Reflectometer (hereafter, the CR 616 sensor) and 
the Delta-T ThetaProbe Type ML2x. However, it is noteworthy that not all the 
collected datasets were used in the analysis due to lack of standardized 
instrumentation calibration and the unforeseen circumstances of instrumentation error 
given wear and tear from excessive usage. 
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3.3.1 Campbell Scientific CR 616 Water Content Reflectometer 
Under the Mae Sa Experimental Catchment project, some CR 616s had 
already been set up in June 2004 through existing research projects. The two-pronged 
CR616 sensor computes soil moisture via TDR. Using the transmission line technique, 
a pulse is sent along the two 30 cm sensors which are buried in the soil. The travel 
time of the electromagnetic wave is then picked up to determine the amount of 
moisture in porous soils. 
The CR 616 sensors were connected to a CR10X datalogger housed in an 
environmental enclosure box. To achieve continuous monitoring of moisture states, 
the sensors set up in June 2004 were buried in a 2m soil pit, at three different depths 
of 0-5 cm, 100 cm and 200 cm. Programs were written for the CR 616 sensors to 
record soil moisture readings at every 20 minute interval.  This frequency ensured 
sufficient data to monitor the change in moisture levels during and after precipitation.  
During the fieldwork of this thesis, an additional CR 616 sensor was added at 
30 cm to the existing set-up at every study site and likewise, programmed and wired 
in the same manner to the above-ground Campbell Scientific data loggers (Plate 3.5). 
The setup of these sensors was aimed at providing a time series comparison of the 
sampled soil cores. However, the data was later not used in the findings and 
discussion because of the lack of standardized calibration data. In comparison, the rest 
of the CR 616 sensors had been calibrated in 2006. Hence, only the time series at 0-5 
cm, 100 cm and 200 cm are used. Nonetheless, the 30 cm soil moisture time series 
may be calibrated using the soil cores and the findings of this study.  
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Plate 3.5  CR 616 sensors inserted and buried at various depths 
 
3.3.2 Delta-T ThetaProbe Type ML2x 
The four-pronged Delta-T Devices ThetaProbe Type ML2x (hereafter, the 
ThetaProbe) works on a similar principle as the CR616. The ThetaProbe was 
connected to the Delta-T Moisture Meter type HH2 (Plate 3.6). The versatile readout 
unit enabled rapid spot readings of soil moisture content. The following measures 
were taken to ensure that the degree of variability was kept to its minimal due to 
possible influences from variations in soil density and composition. At each of the 25 
sampling points within the grid, the ThetaProbe was inserted at least five times for 
five readings. The five readings were then averaged to represent each sampling point. 
This spatially intense dataset is useful for determining micro changes within each land 
cover.  
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Plate 3.6 Delta-T Devices Moisture Meter type HH2 (left) and the 
ThetaProbe Type ML2x (right) 
 
At each of the 25 sampling points, the ThetaProbe was used to take in-situ 
volumetric soil moisture readings at 0-5 cm and 30 cm. Readings were not taken at 
100 cm due to the constrains of otherwise having to dig multiple pits to secure data 
points. ThetaProbe is sensitive to approximately 75cm
3
 surrounding the central rod 
(Delta-T Devices, 1999). Given that the sampling volume extends to more than 95% 
influence of a cylinder, the readings are then compared with moisture readings 
computed from oven-dried soil cores.  
However, given the frequent and intensive use of this instrument, wear and 
tear brought about malfunction. Hence, the data set was found to be less than reliable. 
Out of the four sampling periods, only two datasets were found suitable, that of the 
first and third sampling period in February and June respectively. The incomplete data 
set entailed the reliance on oven-dried soil cores for the computation of soil moisture. 
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3.4 Laboratory Work 
3.4.1 Computing Volumetric Soil Moisture Content 
Each soil sample was spread out in a container of known weight (Plate 3.7). 
The container containing the moist sample was then weighed up to two decimal 
places using the Mettler Toledo PG503-S scientific weigh and labelled accordingly. 
The soil sample was then placed in the oven at 105
°
C for 24 hours, an arbitrary but 
standard method of oven-drying (Hillel, 1998). After which, the container with the 
dried sample was weight again. Instead of merely calculating water content as a 
percentage of the dried soil, volumetric soil moisture was computed using the weight 
difference between the moist and dried sample and taken in relation to the volume of 
the sample (Gardner, 1986; Topp, 1993).  
 
Plate 3.7 A thin layer of moist soil spread out in the container before 
oven-drying 
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Volumetric soil moisture content is defined as the volume of water in the 
sample against total volume of soil sample and is often expressed either in percentage 
volume or cubic metres. It can be articulated using the following equation:  
bw












m  are the masses of the sample before and after drying in the 
over; 
w
  is the density of water and 
b
V is the volume of the sample before drying. 
Hence, volumetric soil moisture was computed from the moist and dry weights of the 
soil samples, in relation to the fixed core volume of 81 cm
3
 from the AMS sampler. 
While errors were inevitable, care was taken to ensure that the errors were negligible 
during the sampling, transporting and repeated weighing (Gardner, 1986).   
 
3.4.2 Particle Size 
This experiment was performed to determine the percentage of different grain 
sizes contained within a soil. For the three forest types and the rubber plantation, 
samples from the four corners of the grid were combined into a composite sample for 
this experiment. The sieve analysis was performed to determine the distribution of 
coarser and larger-sized particles. The recorded weight is taken as a percentage of the 
dry soil sample. The results have been reported in Chapter 3.1 in the description of the 
study sites. 
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20% of gravel and small 




10% of small pebbles and 
cobbles from 60 cm onwards 
Pine Forest 6 Loamy, Sandy 
30-50% of gravel and small 
pebbles from 30-120 cm 
Rubber Plantation 4 Sandy 
20-30% of gravel and small 
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3.5 Data Analysis of Soil Moisture Datasets 
3.5.1 Overview of Soil Moisture Datasets 
The types of soil moisture datasets used in the analysis of this thesis are listed 
in Table 3.7. The spatially intensive dataset was built via readings taken from oven-
dried soil cores while the high frequency temporal dataset was part of existing data 
from prior established stations (see Mae Sa Project, 2009).  
Table 3.7   Two main types of volumetric soil moisture data were used in 
this investigation. The high frequency temporal dataset 
comprised of soil moisture data from 0-5 cm to 200 cm logged 
using CR 616 sensors at 20-minute intervals from June 2004 to 
September 2009. The spatially intensive dataset comprised of 
field samples taken at three depths from 0-5 cm to 100 cm over 
four sampling periods during 2009. 
Data Type 
High Frequency Temporal 
Dataset 
Spatially Intensive Dataset 
Mode of Data 
Collection 
Campbell Scientific CR 616 
sensors buried at depth 
Soil sampling using  
40 metre by 40 metre grids  
laid out at study site 
Time Frame of 
Data Collection 
June 2004 to September 2009 
At each seasonal inflexion, 
including dry, wet seasons  
and wetting up and drying 
down inter-seasons 




Data points logged at every 
20-minute intervals 
3 4 4 
No. of Sites 4 4 3 4 4 4 
No. of Data 
Points/ Sensors 
per site 
1 1 1 25 25 13 
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3.5.2 Statistical Tools and Testing 
 Basic summary statistics, including mean, standard deviation, median, 
maximum and minimum were computed for the soil moisture data at different depths 
and sampling periods.  
While the sample mean is a simple summary measure that provides an 
estimate to the specific parameter in question, the t-test for difference of means can be 
applied to test whether differences exist between two sample means (Earickson and 
Harlin, 1994; Rogerson, 2006). In this case, the one sample two-tailed t-test was 
applied to examine whether the average moisture content from the sensors are 
significantly different from that calculated from the soil cores.  
The one sample two-tailed t-test compares the mean of a single column of 
numbers against a hypothetical mean that is provided. For this study, the former is 
comprised of volumetric soil moisture values taken from soil cores while the latter is 
an averaged soil moisture value on the day of sampling. The significance level of a 
test (α), defined as probability of rejecting the null hypothesis when it is true, is set at 
 = 0.05 (Krebs, 1989) and complements the confidence interval of 95% (Burt and 
Barber, 1996). In addition, the t ratio is computed by dividing the difference between 
the actual and hypothetical means by the standard error of the mean. Wherein the lack 
of a priori relationship between the means, only the two-tailed t-test was deemed 
appropriate (Burt and Barber, 1996). 
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The one sample t-test is based on the following assumptions. First, it assumes 
that the sampled data is from a population that follows a Gaussian distribution. While 
this assumption is not too important with large samples, it is important with small 
sample sizes, especially those under 10. This was not an issue in the current study 
since all sample sizes were larger than 10. Second, the one sample t-test also assumes 
that the errors are independent. The term „error‟ refers to the difference between each 
value and the group mean. The results of a t-test only make sense when the scatter is 
random – that whatever factor caused a value to be too high or too low affects only 
that one value.  
The degree of freedom (df) is defined as the latitude of variance of a statistical 
problem (Earickson and Harlin, 1994). In this case, the more common approach of an 
approximation formula where degrees of freedom are to be taken as the minimum of 
the two quantities )1 ,1( 2 1  nn  was employed (De Veaux et al., 2006; Rogerson, 
2006). This approach is conservative in view that the actual degrees of freedom is 
higher than the minimum of )1 ,1( 2 1  nn . In other words, this leads to a lower 




RESULTS AND FINDINGS 
Two types of volumetric soil moisture datasets taken across the four sampling 
sites are presented in this chapter – the five-year high-frequency time series and the 
one-year spatially intensive field-sampled dataset. This chapter is organized to answer 
the three hypotheses laid out in Chapter 1. First, general observations of the soil 
moisture conditions within the three forest types are made from the continuous soil 
moisture time series collected in-situ using CR 616s between June 2004 and 
September 2009. This time series reflects an intensive sampling of point data at high 
temporal frequency and verifies the postulation that soil moisture is more variable at 
0-5 cm surface than at depth. The values are computed with hourly averages of 
readings taken at 20-minute intervals by the CR 616 sensors. Readings over the three 
forest sites were averaged.  
Second, a spatially intensive dataset is analyzed in order to investigate whether 
the degree of variability of soil moisture in the upper decimetres of soil is different as 
the season changes. Soil moisture at 0-5 cm, 30 cm and 100 cm are explored during 
the dry and wet seasons as well as the wetting up and drying down inter-seasons of 
2009. Soil moisture is postulated to be less variable during the dry and wet season. A 
preliminary comparison of the use of both spatially intensive datasets and high 
frequency temporal datasets is also made. The hypothesis that high frequency point-
sampled time series are representative of the nearby surrounds is explored by 
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comparing the spatially intensive data to high frequency temporal data. Statistics have 
been corrected to two decimal places where necessary. 
Third and last, the variability of soil moisture between two land use types are 
compared. The forest cover is juxtaposed with the rubber plantation, in order to gain 
understanding of soil moisture differences in the two land use types. The instruments 
at the rubber plantation were established in early 2009, hence, this section analyses 
the dataset obtained from field sampling. The significance of the attempt for 
comparison is anchored by the increasing percentages of land use change from forest 
to rubber plantations as outlined in Chapter 1. 
 
4.1 Periodical Trends from 2004 to 2009 
The readings at 20-minute intervals, obtained from the CR 616s between June 
2004 and September 2009, yielded a total of 720 data points daily. Hourly averages 
were computed from these readings and used for analysis in this section. Soil moisture 
content of the Mae Sa catchment, aggregated from the three selected forest types 
typical of the montane mainland of Thailand are presented in this section. The forest 
types are namely, the dry dipterocarp forest, the mixed evergreen forest and the pine 
forest. The fluctuations of soil moisture across the five years are described and 
illustrated using graphs and basic statistics. These general observations at large are 
followed by a description of the monthly average soil moisture contents across three 
depths, 0-5 cm, 100 cm and 200 cm. This section will describe the degree of 
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variability of moisture at 0-5 cm and establish that soil moisture at 100 cm and 200 
cm are comparatively less variable. 
 
4.1.1 Annual Trends  
Figure 4.1 shows the yearly fluctuations of the averaged soil moisture at three 
depths, namely 0-5 cm, 100 cm and 200 cm between June 2004 and September 2009. 
The increments and decrements were observed to be periodical, generally dipping to a 
low in March, and rising to a peak in September when the southwest monsoon 
brought in the rain. Across the various depths, variation was most amplified at 0-5 cm 
surface soils, with both the dry and wet levels exceeding the moisture ranges at 100 
cm and 200 cm. The consistent trends between 100 cm and 200 cm depicted more 
stable moisture contents in the deeper soil layers. Moisture at 100 cm soils was 
slightly higher than at 200 cm. Over the five years, soil moisture trends have shown to 
be similar and hence, predictable. 
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Figure 4.1 Soil moisture trends between June 2004 and September 2009 
plotted using hourly averages of readings taken at 20-minute 
intervals by the CR 616 sensors. Readings over the three forest 
sites were averaged. Steady cycles of fluctuations most 
pronounced at 0-5 cm, driest in March and wettest in 
September.  
 
4.1.2 Monthly Trends and Comparison at Depths   
Figure 4.2 depicts the monthly change in soil moisture across three depths, 
averaged over five years of data at three sites of the Mae Sa catchment. This is 
juxtaposed with the amount of precipitation received over each month. Precipitation 
was close to zero in December, January and February. Rain began in March and 
increased quickly to more than 200 mm per month in May. This trend was stable and 
sustained till August, before reaching its peak of more than 300mm in September. 
Thereafter, it falls exponentially in October and November. 
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The surface soil moisture trends were similar to the precipitation trends, where 
moisture levels were low in December and remained so until the rain began in March. 
As precipitation increased significantly between April and May, increments in soil 
moisture at all depths followed. Surface soil moisture rose immediately, while that at 
100 cm and 200 cm was delayed by a month and only started to pick up in April 
instead of March. Soil moistures also peaked in September as the southwest monsoon 
brought in increasing amounts of precipitation. After which, surface soil moisture 
decreased rapidly as the southwest monsoon came to an end.  
The decrease in precipitation led to stark decreases in surface soil moisture in 
the months of October, November and December, resulting in a moisture level that 
was lower than 100 cm and 200 cm. This pattern was sustained between the periods of 
mid-October and mid-April which is the beginning of the transition into the drying 
down inter-season and all through the dry season. During this time, soil moisture 
decreased and reached its lowest in March, following which, it began to increase 
exponentially at the onset of the transition between the dry and wet season. By May, 
surface soils were wet and their moisture level exceeded that of soils at the depths of 
100 cm and 200 cm. This decreasing increment continued until its yearly peak in 
September, in line with the intense period of precipitation from the southwest 
monsoon. 
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Figure 4.2 Soil moisture and precipitation illustrated as a monthly 
averages computed from hourly averages from 2004 to 2009. 
Soil moisture increases from mid-April onwards and peaks in 
September 
The yearly fluctuations at 100 cm and 200 cm were less amplified than at 0-5 
cm. However, soil moisture similarly increased between April and October. The 
decrease reached a low in April, a one-month delay as compared to the driest month 









 for soils at 200 cm (Table 4.1). By May, soils at 100 cm began to wet up 
more than soils at 200 cm, although both generally increased steadily in the same 
trend. The decrease beginning in October brought the moisture levels to be almost 
identical as the year began again.  
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Figure 4.3 illustrates the 5-year basic statistics of the soil moisture at the three 
depths. Further detail is given in Table 4.1. The range of soil moisture content at 0-5 

























at 200 cm. 
Given the wider range of soil moisture at 0-5 cm as compared to deeper soils, the 
standard deviation at 0-5 cm was almost three fold of that at 100 cm and 200 cm. 
With reference to Table 4.1, the 5-year average standard deviation of soil moisture 
was computed at 0.06 at 0-5 cm, 0.03 at 100 cm and 0.02 at 200 cm. That is, soil 
moisture tended to more variable at surface level given the direct effect of 
precipitation and evapotranspiration. Therefore, moisture content was less variable at 
the deeper layers of soil. 
 
Figure 4.3  Mean, minimum and maximum of the five-year average of soil 
moisture from 2004 to 2009 for depths of 0-5cm, 100cm and 
200cm 
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Table 4.1 Basic summary statistics for soil moisture computed using 





) at 0-5 cm, 100 cm and 200 cm 
 At 0-5 cm At 100 cm At 200 cm 
Mean 0.28 0.31 0.30 
Standard Deviation 0.06 0.03 0.02 
Median 0.31 0.32 0.30 
Maximum 0.37 0.35 0.33 
Minimum 0.18 0.26 0.24 
 
4.1.3 Higher Variability in Surface Soil Moisture than at Depth   
The findings of monthly soil moisture content from the three sites of different 
forest types taken from the Mae Sa catchment, namely the dry dipterocarp forest, the 
mixed evergreen forest and the pine forest, are presented. The forest types are typical 
of the montane mainland in Chiang Mai, Thailand. Having established that the surface 
soil moistures are more variable than soil moistures at depth, the same trends were 
observed in the three forest types. The five-year average monthly fluctuations of soil 
moisture across different forest types are described below. These general observations 
are followed by the contrast of the degree of variability of soil moisture at 0-5 cm, 
100 cm and 200 cm.  
The soil moisture of the three different forest types in question is depicted in 
Figure 4.4. At a glance, the soil moisture of the dry dipterocarp forest was highest 
amongst the three forest types at all three depths. At 0-5 cm and 200 cm, the dry 
dipterocarp forest was the moistest, followed by the mixed evergreen forest then the 
pine forest. However, at 100 cm, the pine forest was moister than the mixed evergreen 
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forest. The mixed evergreen forest and pine forest had smaller and similar ranges of 
soil moisture. The degree of changes in soil moisture values at all three depths at the 
mixed evergreen forest was relatively stable. Soil moisture at the different depths 
throughout the year increased in unison except for the drying down inter-seasons and 
dry seasons. Surface soil moisture was higher than soil moisture at 200 cm only 
during the setting up season. 
Monthly Average of Soil Moisture
























































Figure 4.4 Monthly averages of soil moisture of the three montane 
mainland forest types plotted using hourly averages of readings 
taken at 20-minute intervals by the CR 616 sensors over 2004 to 
2009. Between the three depths of 0-5 cm, 100 cm and 200 cm, 
seasonal changes most pronounced at surface soil moisture (0 
cm) of the dry dipterocarp forest.  
Comparing the forest types at each depth, the mixed evergreen forest and the 
pine forest had similar annual trends at 0-5 cm. In comparison, there was most 
increment in the surface soil moisture of the dry dipterocarp forest. At 0-5 cm, the 
clayey surface soil at the dry dipterocarp forest was observed to retain most water as 
compared to the loamy surface soils at the mixed evergreen forest and the pine forest. 
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The steeply rising surface soil moisture values were observed between March and 
May when the wetting up occurred. It slowed down by June. It continued to increase 
and peak in September. Thereafter, as the dry season approached, soil moisture 
content fell steadily.  
During the dry season and drying down inter-season, all surface soil moisture 
fell below that of 100 cm and 200 cm, except for the mixed evergreen forest (Figure 
4.6). The mixed evergreen forest had similar moisture ranges at 0-5 cm and at 200 cm. 









. Comparatively, the pine forest had the driest surface soils and 200 cm 
soils while the mixed evergreen had the driest 100 cm soils. The moisture at 100 cm 
soils was relatively stable throughout the year for all three forest types. 
 
i. Dry Dipterocarp Forest 
Soil moisture variation of the dry dipterocarp forest at all three depths is 
illustrated in Figure 4.5. Surface soil moisture responded in synchronization with 
precipitation. At 100 cm and 200 cm, the increases were gradual while they were 
more pronounced at surface levels. Soil moisture at 0-5 cm was only wetter than soils 
at depth during the wet season between May and September and peaked in September. 
In contrast, soil moisture at 100 cm and 200 cm increased steadily between April and 
September without a significant peak and began to decrease in October as rainfall 
decreased. Soils at 100 cm were consistently more moist than soils at 200 cm. 
Chapter 4   Results and Findings 
  66 





























































Figure 4.5 Soil moisture at the dry dipterocarp forest plotted with hourly 
averages from 2004 to 2009. Most pronounced increment at 0-5 
cm as precipitation increased while soil moisture values 
remained stable at 100 cm and 200 cm. 
 




) at the dry 
dipterocarp forest averaged from 2004 to 2009. Large moisture 
variability at 0-5 cm within the year yielded highest standard 
deviation recorded 0.11. 
 At 0-5 cm At 100 cm At 200 cm 
Mean 0.34 0.39 0.35 
Standard Deviation 0.11 0.03 0.02 
Median 0.37 0.40 0.36 
Maximum 0.49 0.42 0.37 
Minimum 0.17 0.34 0.32 
 













 difference. In comparison, the soils at depth had smaller ranges. The 
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 difference (Table 4.2). Likewise, the higher standard deviation of 0.11 
occurred at 0-5 cm, a six-fold difference from that at 200 cm. The highest mean value 
was attributed to soils at 100 cm depth. Median values were similar to mean values. 
 
ii. Mixed Evergreen Forest 
The soil moisture variation of the mixed evergreen forest at three depths is 
shown in relation to precipitation in Figure 4.6. From general trends observed 
between 2004 and 2009, there was low rainfall in December and none in January and 
February. First rain fell in March and started to increase till September. Unlike the dry 
dipterocarp, soil moisture values at 0-5 cm were similar to that of 200 cm. However, 
there was a one-month delay in the lowest and peak value of soil moisture at 100 cm 
and 200 cm. In contrast with soil moisture at surface level which was driest in March 
and wettest in September, soil moisture values at depth were the lowest in April and 
remained the highest between September and October. Surface soils were responsive 
to the wetting up inter-season but the peak rainfall in September did not result in a 
similar high point. Between May to September, surface moisture levels hovered 




 and fell steadily thereafter as the rain subsided. Soils at 
200 cm were more moist than soils at 100 cm. However, for April to July, with the 
wetting up inter-season and the onset of the wet season, surface soil moisture at 100 
cm registered higher than soil moisture at 200 cm. At 100 cm, the increment trends in 
soil moisture resembled that of soils at 200 cm. 
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Figure 4.6   Soil moisture at the mixed evergreen forest plotted with hourly 
averages from 2004 to 2009. Soils driest at 100 cm while 
moisture levels at 200 cm are high; almost similar to 0-5 cm. 
Soils at 100 cm and 200 cm are driest in April, up to two 
months after the dry season. By then, surface soil moisture had 
increased as expected due to the precipitation. 
 




) at the mixed 
evergreen forest averaged from 2004 to 2009. Means are 
similar at 0-5 cm and 200 cm while standard deviation of 0.04 is 
consistent at all depths. 
 At 0-5 cm At 100 cm At 200 cm 
Mean 0.28 0.25 0.29 
Standard Deviation 0.04 0.04 0.04 
Median 0.30 0.26 0.30 
Maximum 0.34 0.31 0.34 
Minimum 0.22 0.20 0.20 
 








 at all depths, but the largest range occurred at 200 cm with a 













Chapter 4   Results and Findings 
  69 
difference. At 0-5 cm and 100 cm, the difference between the minimum and 








 respectively. Soil 
moisture at 200 cm depth had the highest mean value but median values were similar 
with that at 0-5 cm. Standard deviations were also similar at 0.04 throughout all 
depths. However, the median was lower at 100 cm, congruous with the trends 
observed in Figure 4.6.  
 
iii. Pine Forest 
Among all the three surveyed depths, soil moisture values in the pine forest 
were highest at 100 cm. (Figure 4.7). Surface soil moisture was the driest of all during 
the drying down inter-season and the dry season but quickly increased to peak in 
September, a trend congruous with the high rainfall received. Surface soil moisture 












 and is 
echoed by its high standard deviation of 0.06 (Table 4.4). 
In contrast, soil moistures were relatively more stable at 100 cm and 200 cm 
than at 0-5 cm, and their increments over time were similar. At 100 cm, soil moisture 


























. Statistics in Table 4.4 revealed that soils at 100 cm depth 




. Median values were similar with the 
mean values. 
Chapter 4   Results and Findings 




























































Figure 4.7  Soil moisture at the pine forest plotted with hourly averages 
from 2004 to 2009. Surface soil moisture increased as expected 
due to the precipitation. Moisture values at 100 cm are 
persistently high. 
 




) at the pine 
forest averaged from 2004 to 2009. Means are similar at 0-5 cm 
and 200 cm but standard deviation is 0.06 at 0-5 cm, three 
times of at 200 cm. 
 At 0-5 cm At 100 cm At 200 cm 
Mean 0.23 0.28 0.24 
Standard Deviation 0.06 0.02 0.02 
Median 0.24 0.29 0.24 
Maximum 0.31 0.31 0.27 
Minimum 0.14 0.25 0.21 
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4.1.4 Overall Trends and Comparison 
For each forest type, the soil moisture values were similar at the depths of 0-5 
cm and 200 cm. However, given the immediate effect of precipitation at surface soils, 
standard deviation was computed to be lower at 200 cm than at 0 cm. Comparisons at 
surface soil revealed that the standard deviation of 0.11 was found to be highest at the 
dry dipterocarp forest. In contrast, it was lowest at 0.04 the surface soils of the mixed 
evergreen forest. The mean and median values were all similar at each forest. The dry 













. It was both the driest and wettest 
amongst the three surveyed forest types. On the other hand, the pine forest has 
relatively higher soil moisture at 100 cm.  





, a 0.04 decrease from the reading at 100 cm. In contrast, this observation was 
reversed at the mixed evergreen forest which registered an increase in soil moisture 








 at 200 cm. The soil profile at the 
pine forest turned sandy below 121 cm and could explain for the decrease in soil 
moisture. While so, the soil profile remained loamy at the mixed evergreen forest, 
with percentage of rocks increasing from 5% to 10% at 200 cm.  
From 2004 to 2009, a higher standard deviation for surface soil moisture was 
observed in the dry dipterocarp forest and the pine forest. Among the forest types, 
surface soil moisture had the highest standard deviation of 0.11 at the dry dipterocarp 
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forest, 0.04 at the mixed evergreen forest and 0.06 at the pine forest. At 100 cm and 
200 cm, standard deviation was 0.3 at the dry dipterocarp forest, 0.4 at the mixed 
evergreen forest and 0.2 at the pine forest. Comparisons made between the three 
depths revealed that the standard deviation was 0.06 at 0-5 cm, 0.03 at 100 cm and 
0.02 at 200 cm. It was concluded that soil moisture was most variable at 0-5 cm, as 
compared with 100 cm and 200 cm. According to the computed standard deviations, 
the degrees of change of soil moisture were not found to be different. 
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4.2 Understanding Temporal Variations of Soil Moisture at the 
Upper Decimetres 
This section attempts to answer the second objective of this thesis, that the 
degree of variability of soil moisture in the upper decimetres of soil is different as the 
season changes. It is hypothesized that soil moisture is more variable at the inter-
seasons than the dry and wet season. The five-year monthly averages set the stage as a 
gauge to the responses of soil moisture in relation to seasonal changes. Moisture 
variation at depth, as observed in Chapter 4.1, is most variable between 0-5 cm and 
100 cm. Hence, further sampling was done at each season and inter-season, as well as 
at different depths of 0-5 cm, 30 cm and 100 cm Particular attention is given to 
discovering whether there is greater temporal stability in the dry and wet seasons than 
the wetting up and drying down inter-seasons. 
 
4.2.1 General Trends of Soil Moisture Variation 
Figure 4.8 features the monthly increase in soil moisture over the year and 
Table 4.5 displays the average monthly standard deviation of soil moisture at the three 
depths, calculated from the five-year data. At a glance, the standard deviations at 100 
cm and 200 cm were observed to be very much lower than that at 0-5 cm, congruous 
with the less amplified degree of changes that soils at deeper levels experienced 
throughout the year. Across the depths, soil moisture was consistently the least 
variable during the dry season as compared to the rest of the year.  
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Figure 4.8   Precipitation within the Mae Sa catchment with wet season from 
June to September and dry season from January to March. 
Field sampling conducted at the inflexions of different seasons 
and inter-seasons – mid-February for the dry season, late April 
for the wetting up inter-season, mid-Jun for the wet season and 
late September for the drying down inter-season. 
 





from 2004 to 2009 across the seasons, generally higher in the 
inter-seasons than dry and wet season. 
Seasons Months At 0-5 cm At 100 cm At 200 cm 
Dry Jan-Mar 0.01 0.00 0.00 
Wetting up Apr-May 0.02 0.01 0.01 
Wet Jun-Sep 0.01 0.00 0.01 
Drying down Oct-Dec 0.02 0.00 0.00 
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At 0-5 cm, moisture variability was lower at the dry and wet season as 
compared to the inter-seasonal periods. The former had a standard deviation of 0.01 
and the latter, 0.02. In contrast, at 100 cm, moisture variability was close to zero at the 
dry and wet seasons as well as the drying down inter-season. Starting from mid-April, 
the southwest monsoon begun to bring in precipitation at increased frequency and 
intensity. At this wetting up inter-season, moisture variability was comparatively 
higher at 0.01. A similar observation was made for moisture at 200 cm where standard 
deviation was close to zero in the dry and the drying down seasons, but was computed 
to be 0.01 during the wetting up inter-season and the wet season. Overall, surface soil 
moisture is more variable in the wetting up and the drying down inter-seasons. In 
contrast, soil moisture at 100 cm and 200 cm is more variable in the wetting up inter-
season and the wet season.  
Through exploring soil moisture in the upper decimetres, the insights on its 
seasonal variability as the soil profile descends will in turn further shed light on the 
movement of water in soil and its preferred moisture states. With the trends observed 
from the five-year data, field sampling was carried out at the 25 sampling points 
within the established grids. Dataset from this spatially intense sampling was used as 
comparison. Observations for soil moisture at 200 cm were not included because the 
trends bear much semblance to that of 100 cm. However, in addition to 0-5 cm and 
100 cm, soil moisture variability at 30 cm is also discussed in order to discern the 
pattern of change as depth increases. The basic statistics of soil moisture computed 
from the sampled soil cores are described, with emphasis on comparing and 
contrasting the standard deviations between seasons. 
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4.2.2 Temporal Variability at 0-5 cm 
Table 4.6 presents the basic statistics of soil moisture at 0-5 cm across the 
three forest types in the Mae Sa catchment. The mean moisture value for the dry 













in September. However, the moisture values across the year had large ranges, 




 between maximum and minimum values. As a 
result, the standard deviation of these samples at different seasons were also large, 
measuring 0.06 during the wetting up inter-season, 0.07 during the wet season and 
0.07 during the drying down season.  
The mixed evergreen forest exhibited highest soil moisture in the drying down 





 in September may be attributed to 21 mm of rainfall that occurred 
intermittently the night before and on the day of sampling. The highest range of soil 
moisture values occurred during the wet season sampling, thereby the largest standard 
deviation also followed. In contrast, the pine forest had relatively low standard 
deviations throughout the year. However, like the rest of the forest types, soil 
moisture was also most variable during June, the wet season. Standard deviations 
were observed to be consistently lowest in April. Soil moisture variability at the 
wetting up and dry down inter-season were similar in the dry dipterocarp forest and 
the pine forest. The dry dipterocarp forest and the pine forest had standard deviations 
of 0.07 and 0.04 in respectively both the wetting up inter-season in June and the wet 
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season in September (Table 4.6). In contrast, standard deviations were highest in June, 
the wetting up inter-season, at the mixed evergreen forest.  




) at 0-5 cm in 2009 across the seasons, 
with higher standard deviation higher in the wet season. 





Season Wetting Up Wet Drying Down 
Month April June September 
Mean 
Dry Dipterocarp 0.36 0.46 0.44 
Mixed Evergreen 0.40 0.45 0.52 
Pine 0.34 0.47 0.37 
Standard 
Deviation 
Dry Dipterocarp 0.06 0.07 0.07 
Mixed Evergreen 0.04 0.07 0.04 




Dry Dipterocarp 0.28 0.34 0.28 
Mixed Evergreen 0.20 0.32 0.16 
Pine 0.15 0.15 0.22 
Median 
Dry Dipterocarp 0.36 0.45 0.44 
Mixed Evergreen 0.40 0.46 0.53 
Pine 0.34 0.47 0.37 
Maximum 
Dry Dipterocarp 0.55 0.69 0.55 
Mixed Evergreen 0.53 0.53 0.57 
Pine 0.41 0.54 0.49 
Minimum 
Dry Dipterocarp 0.27 0.35 0.27 
Mixed Evergreen 0.33 0.21 0.41 
Pine 0.26 0.39 0.27 
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4.2.3 Temporal Variability at 30 cm 
The mean values of soil moisture at 30 cm rose and fell according to the 
seasons. In addition, soil moisture variability at 30 cm was lowest during the dry 
season and highest during the wet season, with exception at the dry dipterocarp forest, 
which was relatively stable across the seasons. The dry dipterocarp forest recorded an 








 high in the wet 
season (Table 4.7). The largest range of moisture values occurred in the dry season of 
February and its standard deviation computed to range between 0.04 and 0.06 
throughout the year.  
At the mixed evergreen forest and pine forest, the soil moisture ranges were 
the widest during the wet season. Soil moisture values at the mixed evergreen forest 












 and that at the 













Standard deviations were also highest during the wet season, at 0.08 for the mixed 
evergreen and 0.07 for the pine forest. Standard deviations were observed to be 
consistently the lowest in February, the dry season and the highest in June, the wet 
season. This observation is uniform amongst the mixed evergreen forest and the pine 
forest. The dry dipterocarp forest had lower standard deviations in June and similar 
values for the rest of the season. Hence, at 30 cm, soil moisture variability was low in 
the dry season and high in the wet season, notwithstanding the dry dipterocarp forest 
where variability was low in the wet season and highest during the drying down inter-
season.  
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) at 30 cm in 2009 across the seasons, with 
higher standard deviation in the wet season at the mixed 










Month February April June September 
Mean 
Dry Dipterocarp 0.24 0.30 0.45 0.44 
Mixed Evergreen 0.28 0.21 0.42 0.37 
Pine 0.24 0.27 0.40 0.38 
Standard 
Deviation 
Dry Dipterocarp 0.05 0.05 0.04 0.06 
Mixed Evergreen 0.01 0.02 0.08 0.05 




Dry Dipterocarp 0.23 0.18 0.16 0.21 
Mixed Evergreen 0.04 0.08 0.34 0.20 
Pine 0.07 0.15 0.37 0.15 
Median 
Dry Dipterocarp 0.23 0.30 0.45 0.43 
Mixed Evergreen 0.28 0.21 0.46 0.37 
Pine 0.24 0.28 0.40 0.37 
Maximum 
Dry Dipterocarp 0.39 0.40 0.52 0.53 
Mixed Evergreen 0.30 0.25 0.50 0.47 
Pine 0.28 0.32 0.55 0.44 
Minimum 
Dry Dipterocarp 0.16 0.22 0.36 0.32 
Mixed Evergreen 0.26 0.17 0.16 0.27 
Pine 0.21 0.17 0.18 0.29 
Chapter 4   Results and Findings 
  80 
 
4.2.4 Temporal Variability at 100 cm 
Mean soil moisture was low during the February sampling and decreased 
further during the April sampling. Although April was classified as the wetting up 
inter-season, the one-month delayed in the decrease of soil moisture was expected 
given the depth and had been previously highlighted in Chapter 4.1. Soil moisture was 
observed to be at its lowest in April before it increased again due to precipitation 
(Figure 4.2). At 100 cm, soil moisture was most variable during the February 
sampling, that is, the dry season. Given that soil moisture was still on the decreasing 
limb, moisture levels came to a low in April. At depth, the effects of the 
accompanying rains would only be observable in May. At the dry dipterocarp forest, 
although the mean value was the same between the dry season and wetting up inter-









between the two months, likewise with the other two forests.  
The range of soil moisture values during the dry season are as follows, the dry 


























(Table 4.8). Standard deviations were consistently high in the dry season. For the rest 
of the seasons, the forest had similar standard deviations, averaging 0.06 at the dry 
dipterocarp forest and 0.03 at the mixed evergreen forest and pine forest. It was 
observed that the minimum-maximum range was the largest in February, the dry 
season.  
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) at 100 cm in 2009 across the seasons, 
with higher standard deviation in the dry and wet season than 
the inter-seasons. Largest minimum-maximum range was 










Month February April June September 
Mean 
Dry Dipterocarp 0.35 0.35 0.49 0.47 
Mixed Evergreen 0.30 0.26 0.45 0.45 
Pine 0.30 0.26 0.40 0.41 
Standard 
Deviation 
Dry Dipterocarp 0.07 0.06 0.06 0.06 
Mixed Evergreen 0.07 0.02 0.04 0.04 




Dry Dipterocarp 0.34 0.23 0.20 0.18 
Mixed Evergreen 0.23 0.07 0.14 0.12 
Pine 0.20 0.11 0.12 0.11 
Median 
Dry Dipterocarp 0.35 0.34 0.49 0.49 
Mixed Evergreen 0.33 0.26 0.46 0.45 
Pine 0.31 0.26 0.40 0.41 
Maximum 
Dry Dipterocarp 0.53 0.50 0.59 0.53 
Mixed Evergreen 0.37 0.29 0.50 0.49 
Pine 0.39 0.32 0.46 0.47 
Minimum 
Dry Dipterocarp 0.19 0.27 0.39 0.35 
Mixed Evergreen 0.14 0.22 0.36 0.37 
Pine 0.19 0.21 0.34 0.36 
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4.2.5 Overall Temporal Variability in the Forest 
The general observation confirmed that the standard deviation of soil moisture 
varied across depths. At 0-5 cm, amongst three sampled seasons, soil moisture 
variability was lowest in the wetting up inter-season (Figure 4.9). This may be 
explained by the lack of a dry season sampling, where moisture values would have 
dried out. At 30 cm, moisture variability was lowest during the dry season and highest 
in the wet season. In contrast, at 100 cm, variability was lowest in April, during the 
wetting up inter-season. Given the depth at 100 cm, the soil moisture values reflected 
in April pointed to a one-month lag time in the drying out of soils. Despite 
precipitation coming in the early March, soils continued to be dry in April. Highest 
variability occurred in the wet season at 0-5 cm and 30 cm. However, it may be 
concluded that at 100 cm depth, the moisture variability was similar during the wet 
season and drying down seasons.  
Overall, soil moisture at 0-5 cm and 30 cm was observed to be more variable 
between June and December, spanning the wet season and the drying down inter-
season (Figure 4.9). Generally, soils of the upper decimetres were less variable during 
the dry and wetting up inter-season. At 100 cm, soil moisture was most variable in the 
dry season. With the spatially intensive datasets, it was established that soil moisture 
variability at 30 cm was closer to, and more alike, with that at 0-5 cm than 100 cm.  
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Figure 4.9   Means and standard deviation of three forest types at the (a) dry dipterocarp forest, (b) mixed evergreen forest and (c) 
pine forest. The largest range of moisture values were found at surface soils. At 30 cm, moisture levels were more 
variable between June and December. At 100 cm, soils possibly dried out the most only in April and were most 
variable in February. Dry dipterocarp forest had large standard deviation throughout the year, generally more 
variable than mixed evergreen and pine forest. 
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4.3 Potential Extrapolation of the Time Series 
In most studies, soil moisture is measured either with high temporal resolution 
or high spatial resolution. Combining datasets with different spatial and temporal 
resolution could yield a more comprehensive understanding of the study area (Blume 
et al., 2009). However, the spatial variability of sampling points needs to first be 
established in order to define the sampling intensity within a given area. Given that 
the high frequency five-year time series was taken from the CR 616 moisture sensors 
buried at one location for each of the surveyed study sites, this section addresses the 
spatial variability of the single point data with respect to the spatially intensive 
multiple sampling points within each 40 metres by 40 metres grid. 
In light of the similar temporal trends between the increase of soil moisture at 
100 cm and 200 cm, as reported in Section 4.1, this section is focused on reporting 
findings from two more variable depths, namely 0-5 cm and 100 cm, at the inflexions 
of the various seasons (Figure 4.8). This investigation is supported by the fourth of the 
five distinctions of ecohydrology, that is, to pursue considerations of process 
interactions operating at a range of spatial and temporal scales. Spatially intensive 
data collected via field sampling at the dry, wet and their inter-seasons are compared 
with the respective time series of the particular day of sampling using a one-sample T 
test.  
 
Chapter 4   Results and Findings 
  85 
 
4.3.1 Degree of Spatial Representation of Sensors at 0-5 cm 
Surface soil moisture was sampled three times in 2009, namely during mid-
April, mid-June and late September, representing the wetting up inter-season, the wet 
season and the drying down inter-season respectively,. The one sample two-tailed t-
test was administered on soil moisture values computed from oven-dried soil cores. 
The hypothetical mean was set to the average soil moisture taken from the CR 616 on 
the corresponding day of sampling. The t-test was carried out based on a confidence 
interval of 0.05 and 24 degrees of freedom. At P < 0.0001, the differences in means 
across the year were extremely significant at the dry dipterocarp forest (Table 4.9). 
The lowest mean difference at a 95% confidence interval was 0.12 in 
September, the drying down period, the lowest in the year. At 0-5 cm, the mean from 
the CR 616 sensor is most different in June. While so, the mixed evergreen forest 
displayed the differences in means across that were significant during the wetting up 
and drying down seasons (Table 4.10). This dataset, however, recorded a higher soil 




 in September than in June, the wet season. The lowest 
mean difference at a 95% confidence interval was 0.05 at during the wet season in 
June and most different in April, the wetting up inter-season. Similarly with the pine 
forest, the differences in means across the year were extremely significant at P < 
0.0001. The lowest mean difference at a 95% confidence interval was lowest during 
the drying down inter-season in September and highest during the wetting up inter-
season in April. 
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Table 4.9   T-test statistics for dry dipterocarp forest soil moisture at 0-5 cm 
with mean difference ranging from 0.12 to 0.14 
Year 2009 
Season Wetting Up Wet Drying Down 
Month April June September 
Mean 0.36 0.46 0.44 
Standard Deviation 0.06 0.07 0.07 
No. of Observation 25 25 25 
Hypothesized Mean 0.23 0.31 0.32 
Mean difference at 95% 
Confidence Interval 0.13 0.14 0.12 
df 24 24 24 
P(T<=t) two-tailed <0.0001 <0.0001 <0.0001 
T Critical two-tailed 10.85 10.23 8.87 
 
Table 4.10   T-test statistics for mixed evergreen forest soil moisture at 0-5 
cm with mean difference ranging from 0.06 to 0.19 
Year 2009 
Season Wetting Up Wet Drying Down 
Month April June September 
Mean 0.40 0.45 0.52 
Standard Deviation 0.04 0.07 0.04 
No. of Observation 25 25 25 
Hypothesized Mean 0.21 0.40 0.46 
Mean difference at 95% 
Confidence Interval 0.19 0.05 0.06 
df 24 24 24 
P(T<=t) two-tailed <0.0001 0.0007 <0.0001 
T Critical two-tailed 26.02 3.90 6.95 
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Table 4.11   T-test statistics for pine forest soil moisture at 0-5 cm with mean 
difference ranging from 0.08 to 0.19 
Year 2009 
Season Wetting Up Wet 
Drying 
Down 
Month April June September 
Mean 0.34 0.47 0.37 
Standard Deviation 0.03 0.04 0.04 
No. of Observation 25 25 25 
Hypothesized Mean 0.15 0.30 0.29 
Mean difference at 95% 
Confidence Interval 0.19 0.17 0.08 
df 24 24 24 
P(T<=t) two-tailed <0.0001 <0.0001 <0.0001 
T Critical two-tailed 30.36 20.67 10.12 
Overall, it was observed that the differences in means were statistically 
significant across all forest types and all seasons. The mean differences were at their 
lowest during the drying down inter-season for the dry dipterocarp forest and pine 
forest, and during the wet season for the mixed evergreen forest. Highest mean 
difference occurred at the wetting up inter-season for the mixed evergreen and pine 
forest, and at the wet season for the dry dipterocarp forest. Given that the mean 
difference only gives the degree of difference from the hypothesized average, no clear 
trends were observed.  
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4.3.2 Degree of Spatial Representation of Sensors at 100 cm 
Similarly, the one sample two-tailed t-test was administered on soil moisture 
values computed from oven-dried soil cores. The hypothetical mean was set to the 
average soil moisture taken from the CR 616 on the day of sampling. The t-test was 
carried out based on a confidence interval of 0.05 and 12 degrees of freedom. 
From Table 4.12, it was observed that the difference in means were 
statistically extremely significant at the dry dipterocarp forest. The mean differences 
of the dry dipterocarp forest were lower at the dry and the wetting up periods than the 
wet and drying down seasons. The t-test yielded P < 0.0001 for all four seasonal 
inflexions, suggesting statistically significant differences at all levels, except for the 
month of February where P = 0.05. Given the small P values, the mean differences 
may suggest the numerical value to which how the two means compare. The mean 
differences were lower at the dry and the wetting up periods than the wet and drying 
down seasons. Amongst the three forest types at this 100 cm depth, the range of the 
mean differences at 95% confidence interval at the mixed evergreen forest is one of 
the lowest. All were below 0.1, suggesting that the sample mean was close to the 
hypothesized mean taken from the CR 616 sensors. Finally, Table 4.14 records the t-
test results for the pine forest. With P = 0.725, the means were not significantly 
different during the wetting up period in April.  
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Table 4.12   T-test statistics for dry dipterocarp forest soil moisture at 100 
cm with mean difference ranging from 0.13 to 0.28 
Year 2009 
Season Dry Wetting Up Wet 
Drying 
Down 
Month February April June September 
Mean 0.35 0.35 0.49 0.48 
Standard Deviation 0.07 0.06 0.05 0.05 
No. of Observation 13 13 13 13 
Hypothesized Mean 0.22 0.21 0.21 0.28 
Mean difference at 95% 
Confidence Interval 0.13 0.15 0.28 0.19 
df 12 12 12 12 
P(T<=t) two-tailed < 0.0001 < 0.0001 < 0.0001 < 0.0001 
T Critical two-tailed 8.95 7.92 17.09 12.31 
 
Table 4.13   T-test statistics for mixed evergreen forest soil moisture at 100 
cm with mean difference ranging from -0.09 to 0.04 
Year 2009 
Season Dry Wetting Up Wet 
Drying 
Down 
Month February April June September 
Mean 0.30 0.26 0.45 0.45 
Standard Deviation 0.07 0.02 0.04 0.04 
No. of Observation 13 13 13 13 
Hypothesized Mean 0.35 0.34 0.41 0.41 
Mean difference at 95% 
Confidence Interval -0.04 -0.09 0.04 0.04 
df 12 12 12 12 
P(T<=t) two-tailed 0.05 < 0.0001 0.005 0.004 
T Critical two-tailed 2.17 16.38 3.47 3.56 
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Table 4.14  T-test statistics for pine forest soil moisture at 100 cm with mean 
difference ranging from 0 to 0.10  
Year 2009 
Season Dry Wetting Up Wet 
Drying 
Down 
Month February April June September 
Mean 0.30 0.26 0.40 0.41 
Standard Deviation 0.05 0.01 0.03 0.03 
No. of Observation 13 13 13 13 
Hypothesized Mean 0.26 0.26 0.30 0.31 
Mean difference at 95% 
Confidence Interval 0.04 0.00 0.10 0.10 
df 12 12 12 12 
P(T<=t) two-tailed 0.008 0.725 <0.0001 <0.0001 
T Critical two-tailed 3.15 0.36 12.26 11.27 
 
4.3.3 Overall Variability 
Overall, all sample means were statistically different from the hypothesized 
mean, except for the wetting up inter-season at the pine forest. It was observed that in 
comparison with 0-5 cm, the mean difference was lower at 100 cm at all forest types. 
The averaged mean difference, as displayed in Table 4.15, was all found to be lower 
than 0.17. It was revealed that mean difference was highest at the wetting up inter-
season at 0-5 cm and at the wet season at 100 cm. This is in concurrence with the 
variability observed through the moisture sensors. While the mean difference was 
higher at the surface level, this could be due to the localized factors. At 100 cm depth, 
however, the mean differences were lower. As an aggregate at a catchment level, the 
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sensors were likely to still be representative of soil moisture distribution, but more so 
in the dry and wet periods than the inter-seasons.  
Table 4.15 Average mean difference at 0-5 cm and 100 cm across all three 
forest types  
Year 2009 
Season Dry Wetting Up Wet 
Drying 
Down 
Month February April June September 
0 cm Mean Difference - 0.17 0.12 0.09 
100 cm Mean Difference 0.04 0.02 0.14 0.11 
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4.4 Temporal Variability between Two Land Use/Cover Types: 
Forest and Rubber Plantation 
Soil moisture of juvenile rubber plantation was compared with the collective 
results of the forest. Likewise with the forest, the rubber plantation experienced the 
largest increment of soil moisture between April and June, the wetting up inter-season 
and the wet season. At the surface soils at the rubber plantation, mean soil moisture 



































 at 30 cm.  
In contrast, soil moisture levels at the rubber plantation either maintained at, or 
were higher than the wet season during the drying down inter-season. For instance, 













 in the drying down inter-season. 
In terms of moisture variability, the rubber plantation exhibited higher moisture 
variability during dry and the wet seasons. This is slightly different than that of the 
forests, which were more variable between June and October, that is, during the wet 
season and subsequently, the drying down inter-season. 
At soil depths of 30 cm and 100 cm at the rubber plantation, soils were moister 
in September than in June. Although the amount of precipitation had begun to taper 
off into the drying down inter-season, the response time to preceding antecedent 
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rainfall seemed to take longer than that at the forest. Several factors may contribute to 
this, including the phenology of the planted rubber and soil properties. Soil moisture 
at the latter area had begun to dry down with moisture values that were lower in 
September than in June. The lag time between precipitation and soil moisture changes 
were evident. At 100 cm, the driest soils occurred in April while the moistest soils 
occurred in September. These months were the inter-seasonsand the values exhibited 
that at soils depth of 100 cm at the rubber plantation, moisture change incurred at least 
a one-month lag time. The same lag time was observed at the forest soils in April and 
was less pronounced during September where moisture values were still high with a 





The cropping of rubber is a subset of the explosive growth of tropical 
deforestation during the last several decades. Soil, vegetation and atmospheric 
processes are of particularly importance in this instance of replacement forest covers 
(Giambelluca et al., 1996). Precipitation enters the forest ecosystem via three 
pathways, namely evapotranspiration, infiltration to deeper layers and runoff. The 
existing forest such as the mixed evergreen forest, pine forest and the dry dipterocarp 
forest have trees that bear complex architecture and canopy. Their broad intercepting 
surface and the protection that the canopy offers can influence the amount of water 
loss through transpiration and evaporation (Francisza Diaz et al., 2007). Hence, the 
removal of the canopy can have impacts on the hydrology of an ecosystem. Specific 
to the study site, the initial clearance of the area to make way for the planting of the 
young rubber plantation had lead to the clearing of the tree canopy. Plate 3.4 depicts 
the juvenile rubber plantation to be sandy with little foliage. This resulted in the 
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surface soils getting full exposure from the weather elements. The surface had caked 
up into a thin crust, which disallowed infiltration to take place until the crust was wet 
and broken down during the wetting up inter-season at both 0-5 cm and at 30 cm. 
Overall, soil moisture was observed to be different between the two land cover 
types. The soil moisture ranges at the rubber plantation were generally lower but the 
standard deviations were similar. At 100 cm, in both land use types, the standard 
deviation of 0.06 during the dry season and 0.05 in wet season than the inter-seasons. 
The change in minimum-maximum ranges exhibited similar trends of increase and 
decrease over the seasons in both land use types. Soil moisture values from the two 
land use types also seem to undergo similar transitions with different response timing 
to the change in precipitation levels. In accordance with the different soil type at the 
rubber plantation, this may hint at a stronger localized control such as soil texture. To 
better understand the water balance between the two land cover types, other factors 
such as throughfall, stemflow and leaf area indexes would be good measurements to 
start with. These factors would help to compare the alternative water cycle of an intact 
forest to a site purposed for forest replacement cover.  
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) of two land use/cover types: forest and rubber plantation. All 
three depths display higher variability from June to October. Basic summary statistics at the juvenile rubber 
plantation  with higher standard deviations during the wet and dry season than the inter-seasons at all three depths, 
similar to that observed in the three forest types. 
Depth 
Year 2009 













Month February April June September February April June September 
0 cm 
Mean - 0.37 0.46 0.44 - 0.04 0.30 0.30 
Std Deviation - 0.04 0.06 0.05 - 0.01 0.04 0.03 
Min-Max Range  0.21 0.27 0.22  0.05 0.15 0.13 
Median - 0.37 0.46 0.44 - 0.04 0.30 0.31 
Maximum - 0.50 0.59 0.54 - 0.07 0.36 0.37 
Minimum - 0.29 0.32 0.32 - 0.02 0.21 0.24 
30 cm 
Mean 0.25 0.26 0.43 0.40 0.05 0.04 0.25 0.28 
Std Deviation 0.03 0.04 0.06 0.05 0.03 0.02 0.07 0.02 
Min-Max Range 0.12 0.13 0.29 0.19 0.11 0.06 0.43 0.10 
Median 0.25 0.26 0.43 0.39 0.04 0.03 0.25 0.28 
Maximum 0.33 0.32 0.52 0.48 0.13 0.08 0.43 0.34 
Minimum 0.21 0.19 0.23 0.29 0.02 0.02 0.00 0.24 

















Month February April June September February April June September 
100 
cm 
Mean 0.32 0.29 0.45 0.44 0.19 0.16 0.26 0.33 
Std Deviation 0.06 0.04 0.04 0.04 0.06 0.03 0.05 0.04 
Min-Max Range 0.26 0.13 0.16 0.14 0.19 0.12 0.16 0.17 
Median 0.33 0.28 0.45 0.45 0.18 0.17 0.28 0.33 
Maximum 0.43 0.37 0.52 0.50 0.30 0.23 0.33 0.44 
Minimum 0.17 0.24 0.36 0.36 0.11 0.11 0.17 0.27 
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4.5 Summary 
The five-year time series was logged via CR 616 moisture sensors and 
programmed to collect high temporal frequency point data per site. At the three forest 
types, consisting of the dry dipterocarp forest, the mixed evergreen forest and the pine 
forest, one sensor was installed at the depths of 0cm, 100cm and 200 cm. The time 
series revealed that surface soil moisture came to a yearly low in March and peaked in 
September. This finding was consistent with the precipitation pattern of the Mae Sa 
catchment. The dry season occurred between January and March, wetting up inter-
season in April and May, wet season from June to September and drying-down inter-
season from October to December. At depth of 100 cm and 200 cm, the values were 
one-month delayed from the peak of precipitation. 
Soil moisture was also found to be most variable at 0-5 cm, as compared to that 
at increasing depths of 100 cm and 200 cm. Soil moisture trends were similar at 100 
cm and 200 cm. Variability between 0-5 cm and 100 cm soil moisture was found to be 
very distinctive, as compared to that between 100 cm and 200 cm. This finding was 
consistent in the dry dipterocarp forest and the pine forest, while the mixed evergreen 
forest displayed similar standard deviations at all three depths, with the most 
variability occurring at 200 cm. With the exception of the mixed evergreen forest 
having the lowest soil moisture values at 100 cm than at 0-5 cm and 200 cm, the 
mixed dipterocarp forest and pine forest have soil moisture values that decrease with 
depth. It may be concluded that the soil moisture among the three forest types were 
not different. 
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Soil moisture values were further analyzed in order to better understand the 
temporal variations of soil moisture. The five-year time series showed that at surface 
soils, moisture content was most variable during the wetting up and drying down 
inter-seasons. This finding was later echoed in the complementary spatial sampling 
using soil cores. Amongst all forest types, moisture variability was low in the first half 
of the year, that is the dry season and wetting up inter-season, and high in the later 
half, spanning the wet season and drying down inter-season. In contrast, at the depths 
of 100 cm and 200 cm, soil moisture was most variable during the wetting up inter-
season and the wet season.  
Given the high moisture variability between surface soils and soils at 100 cm 
depth, attention was given to soil moisture at the upper decimetres, namely at 0-5 cm, 
30 cm and 100 cm. To complement the high frequency time-series, soil cores were 
systematically sampled within a space of 40 m by 40 m, a space encompassing the 
sensors at each forest. Except for 0-5 cm soil moisture which was not sampled in the 
dry season in February, all three depths were sampled at each site, during each 
defined seasonal inflexion. From these spatially intensive datasets, it was observed 
that at surface soils, moisture values were most variable during the wet season and 
most invariable at the wetting up inter-season. At 30 cm, soil moisture was most 
variable at the wet season and most invariable at the dry season. At 100 cm, soil 
moisture was most variable in the dry season and most invariable in the wetting up 
inter-season. It was observed that moisture variability was higher between June and 
December, spanning the wet season and drying down inter-season. On the other hand, 
the dry season and wetting up inter-season exhibited low moisture variability. With 
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the spatially intensive datasets, it was established that soil moisture variability at 30 
cm was closer to and more alike with that at 0-5 cm than 100 cm.  
Attempts were made to determine the combinative use of high temporal 
resolution and high spatial resolution datasets. In specificity, the investigation of 
whether stationary sensors were representative of the soil moisture distribution on 
hillslopes of similar characteristics revealed that moisture sensors were statically 
different from the collected soil cores. The means were not similar and could point to 
a possible need for calibration. The mean differences at 95% confidence interval 
illustrated that variability was generally low with increasing depth. In line with the 
previous observations of higher moisture variability at surface soils, more in-depth 
and detailed survey needed to take place in order to verify the expediency of moisture 




Soil moisture and other hydrological stocks are integrated states. Substantial 
volumes of water are commonly stored in soils and substantial variation of this highly 
dynamic entity exists in both time and space. This chapter discuss the findings in 
relation to the hypotheses set out in Chapter 1. First, the temporal trends of soil 
moisture states in the upper decimeters are juxtaposed with generalized climatology to 
address the first hypothesis. The temporal dynamics of soil moisture over the seasonal 
changes spanning the year 2009 are then highlighted in relation to the second 
hypothesis concerning the preferred states of soil moisture in the tropical catchment. 
Next, the soil moisture of two land use types, namely the forests and rubber plantation, 
are discussed to address the third hypothesis. Lastly, following the use of combinative 
datasets, the complementary relationships between different methods of soil moisture 
measurement are studied.  
 
5.1 Seasonality in Soil Moisture 
The top layer of soil is a simple reservoir for soil moisture. Input is 
precipitation and the outputs are the losses from surface runoff, evapotranspiration 
and deep percolation. Soil moisture responds to precipitation variability and has been 
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observed and derived indirectly using simple water budget models and observed 
monthly mean precipitation (e.g., Mintz and Serafini, 1992; Douville et al., 2001). It 
is a transient saturation in the profile and a passive signal of precipitation input (van 
Meerveld and McDonnell, 2005). In turn, soil wetness is a key determinant of surface 
runoff production where the subsurface storm flow output drives stream flow 
response. It also drives the mechanism for nutrient and sediment transport in a 
catchment.  
 
5.1.1 Soil Moisture Trends in the Transitional Phases 
The long five-year time series gives rise to an appreciation of the patterns and 
average time for transition from dry to wet behaviour. Overall, soil moisture had a 
higher standard deviation of 0.11 at 0-5 cm than the standard deviation of 0.03 and 
0.02 at 100 cm and 200 cm respectively (Table 4.2). In comparison with the tropical 
Mae Sa catchment, the influence of precipitation patterns resulted in a two-month 
inter-season for surface soils to transit from dry to wet. In contrast, this was found to 
span across about one month in the temperate region (Grayson et al., 1997). The 
yearly low in March generally wetted up by May. The same duration was observed at 
the wetting up of deeper soils at 100 cm and 200 cm. However, the time frame was 
more delayed, starting only to increase in April from a yearly dry season low and 
stabilizing in June. The greatest variability at 100 cm depth occurred during February, 
the dry season. Soil moisture at 100 cm depth was still drying down in February from 
the lack of rainfall and only reached the yearly low in March (Figure 4.1 and Figure 
4.2). Hence, it may be said that the variability is representative of the drying down 
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inter-season, similar to soils at the 100 cm depth. While the inter-season moisture 
changes occurred over periods of around a month, those in Mae Sa catchment 
occurred over an average of two months or constituted about 20% of the year. This 
figure is uniform across the three forest types.  
In addition, soil moisture was also observed to be higher in the dry dipterocarp 
forest, a pattern that continued throughout the year. Though the study area is a small 
catchment of 74 hectares and precipitation is assumed to be relatively uniform, such 
observations may be explained by higher clay contents in the dry dipterocarp soil, 
where soil texture was recorded to be clayey.  
The comparisons between soil moisture among three forest types yielded 
similar trends and patterns. The response time to precipitation was included a one-
month lag for soil moisture at depths of 100 cm and 200 cm (Figure 4.8). The mixed 
evergreen forest was found to have lower soil moisture at 100 cm than at 200 cm, 
unlike the dry dipterocarp forest and the pine forest where soil moisture decreased 
with depth (Figure 4.6). An old stream used to run within a 100 m radius of the area 
and was cut off about a decade ago when the road was built. The weir that is located 
100 metres away from the field site is now a stagnant pool of water. However, further 
understanding of the deep soil hydrology is needed before conclusions can be drawn 
on the linkages. At the point of this investigation, there were no clear indications from 
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5.1.2 Temporal Changes between the Preferred States of Soil Moisture 
Soil moisture was postulated to be more variable in the inter-seasons. 
However, at 0-5 cm and 30 cm, soil moisture was observed to be more variable 
between June and December, spanning the wet season and the drying down inter-
season. Conversely, it may be said that the dried-out soils in February were of low 
variability due to the lack of rainfall. As the monsoon started in late March, the 
incidental wetting up of the surface soils reflected that precipitation was the dominant 
control (De Lannoy et al., 2006). This is also in line with the dry states of soil 
moisture where Grayson et al. (1997) argued for a conceptual case where soil 
moisture patterns in the temperate region of Australia were observed to switch 
between two preferred states – the wet and dry states. The observed and described 
patterns were somewhat similar to the findings of soil moisture states in the tropical 
montane forests. 
The dry states of soil moisture reflected incidental wetting up as and when 
there was precipitation, and later, drying down because of evapotranspiration (Figure 
4.2 with further illustration in Figure 5.1). Vertical fluxes including 
evapotranspiration and soil heat flux were of dominant control where the dry state of 
soil moisture persisted due to a lack of rainfall. Similarly, at the Mae Sa catchment, 
the dry state at the beginning of the year was a result of dominant control of the 
vertical fluxes where there was none or little precipitation. The monsoon then 
increased soil moisture in March and April and brought it to a peak in September.  
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Figure 5.1 offers an illustration of an expanded view of 16 March to 6 April 
2009 from Figure 4.6 and illustrates the changes in soil moisture at the onset of 
precipitation at the mixed evergreen forest. The increase was most pronounced at 0-5 
cm but did not fluctuate as sensitively to the changes in precipitation. Coming from a 
dry state and transiting into the wetting up inter-season, the initial responses to 8 mm 
of rainfall on 18 March 2009 was relatively quick. Soil moisture at 0-5 cm soils 








 within one day. The 
decline gradually tapered by 20 March. During which, there was 30 mm of 
precipitation on 26 March and the moisture levels in surface soils did not start to 
increase until 30 March. The response time, defined as the time period between the 
beginning of precipitation and the first response of soil water, was five days. It was 
followed by pronounced increments till 2 April, where moisture levels began to 
decline again.  
Other than the high canopy cover of more than 85% and possibly a low 
infiltration rate given the thick leaf litter of 5 cm, it could be explained by the lack of 
significant lateral redistribution of moisture. In this dry period, even if the relatively 
dry soil was saturated after the rain, the influences would be confined to the period 
shortly after rain. Hence, taking the lead from the mixed evergreen forest, the 
incidental increase and decrease in soil moisture at 0-5 cm due to precipitation was 
found to be consistent in all three forest types in the wetting up inter-season. Moisture 
at 100 cm and 200 cm were observed to be seemingly unaffected by the precipitation. 
At depth, the soils continued to dry out even in March. Antecedent precipitation was 
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responsible for the changes in soil moisture at surface level and this was found to be 
in congruence with the descriptions of that in the dry state by Grayson et al. (1997). 
 
Figure 5.1  Soil moisture changed on a daily basis in the mixed evergreen 
forest from 16 March to 6 April 2009, at the onset of 
precipitation following drier months. The first wetting up 
observed in soil moisture measurements on 18 March was 
incidental due to the precipitation and soil moisture dried out 
again. The 30 mm of precipitation on 26 March fell over an 
entire day and the response time of soil moisture was about five 
days, on 30 March. 
 
In contrast, soil moisture levels at the mixed evergreen forest during the end of 
the wet season were observed to be significantly more responsive to precipitation 
changes. Figure 5.2 offers an illustration of an expanded view of 1 September to 22 
September 2009 from Figure 4.6 and illustrates the soil moisture fluctuations in the 
final three weeks of the monsoon season. The rise and fall of surface soil moisture 
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was at maximum one day difference from the time of precipitation. The fluctuations 
were rapid and took place on a daily basis, thereby explaining the high variability of 
soil moisture during the wet season. With reference to Figure 5.2, at 100 cm and 200 
cm, the lag time for response to 70 mm of precipitation on 13 September was seven 








 at 100 cm and 200 
cm respectively (see also Table 4.8). It can be said that surface layers respond faster 
to wetting events and will dry out more quickly in the absence of rainfall. In these wet 
conditions, the top soil was likely to have been saturated, especially when moisture 





 on 18 September and was the resultant effect of continuous rainfall 
from 13-17 September. The lag time in deeper soils was not unexpected, though they 
are also subjected to variable conditions in space, including soil depth and bedrock. 
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Figure 5.2   Soil moisture change on a daily basis in the mixed evergreen 
forest from 1 September to 22 September 2009, the inter-season 
between moving from the wet season to a drying down season. 
Coming from a wet state, the soil moisture levels were more 
responsive to precipitation where lag time was only about one 
day and is most evident at the surface levels. 
 
 
5.1.3 Implications and Prospects in Preferred States of Soil Moisture 
To capture key features of soil water patterns in a montane mainland forest, it 
is crucial to recognize that the spatial distribution of rainfall, such as the convective 
rainfall activity could be a dominant factor in the spatial variability of short-term 
content (Goodrich et al., 1995). However, in a small catchment like the Mae Sa 
catchment, it may be assumed that precipitation is generally uniform. With that, a 
more focused analysis can be done with regards to unravelling the preferred state of 
soil moisture. This temporal variability would help to illicit a greater understanding of 
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the spatial patterns of soil moisture and set the stage for the response features of soil 
moisture to be explored during and after sequential rainfall events (Kim, 2009). 
Soil moisture of the upper decimetres of the soil profile may not causally 
represent topographically driven lateral subsurface flow (van Meerveld and 
McDonnell, 2005). In line with the preferred states of soil moisture, the persistent 
wetness in the wet state was found to be was largely dominated by lateral subsurface 
flow within the context of drainage lines and high topographic convergence (Grayson 
et al., 1997). Given that the gradients of the study sites at Mae Sa catchment measured 
no greater than 11° and were held as controls, there remains ample opportunities for 
future research to investigate the effects of topographic variables in the prediction of 
spatial pattern of soil moisture (Famiglietti et al., 2008). Topographic variables might 
provide interesting perspectives on the movement of water following the onset of rain. 
Future studies may expand to encompass other sites of steeper gradients where 
topographic factors exert control over soil moisture.  
In particular, the variables that represent flow processes through hillslopes or 
may cause spatial variation in the meteorological forcing include slope (e.g., Mitasova 
and Hofierka, 1993), aspect, and topographic wetness index (e.g., Beven and Kirkby, 
1979). For instance, the soil cover affects water movements in hillslopes through the 
soil‟s natural tendency to become less permeable with increasing depth. The soil 
cover over the three study sites were considered similar and soil texture was earlier 
classified as clayey in the dry dipterocarp forest and loamy in the mixed evergreen 
forest and the pine forest. This was consistent throughout the surveyed depths. In 
addition, as compared to radiation-related variables such as aspect and solar radiation, 
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flow-related topographic variables such as slope and wetness index have been found 
to be better related to time-averaged soil moisture, explaining up to 42% of the time-
averaged moisture spatial variation (Penna et al., 2009).  
Thereby, the scope of future research can be primed at identifying areas of 
depression in the hillslopes to track the soil moisture change from the dry to the wet 
state. Once the preferred wet states can be established, the logical thrust of the 
investigation may be geared towards examining how the known temporal variations 
might affect the spatial patterns of soil moisture. Figure 5.3 gives an example of soil 
water distribution where the persistent wetness was largely dominated by lateral 
subsurface flow within the context of drainage lines and high topographic 
convergence.  
 
Figure 5.3    Example of the wet state soil water distribution measured at the 
Tarrawarra catchment. Soil water content marked by each cell 
represents one measurement in percentage volume/volume. 
(Grayson et al., 1997) 
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The implications of the investigations concerning the preferred states of soil 
moisture brings to attention that the wet and dry water conditions may result in spatial 
patterns of soil moisture being controlled by different processes. Hence, there cannot 
be just one single volumetric index of soil moisture levels. Instead, a confluence of 
other factors would help to explain how and why soil moisture transits between 
seasons. Furthermore, since the relationship between hillslope average soil moisture 
and subsurface flow or stream discharge is often strong and highly non-linear, this 
would yield insights to the behaviour of the catchment as a whole entity. This would 
in turn give a better handle to the spatial degree at which stationary in-situ moisture 
sensors need to be installed and maintained through more coherent understanding.  
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5.2 Land Use/Cover and Soil Moisture: Variability between Forests 
and Plantation  
Soil moisture variability among the three forests was not observed to be 
different. However, when juxtaposed with the juvenile rubber plantation, soil 
moisture was found to be lower in the rubber plantation that the forest. In the first half 
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at the forest.  In contrast to the moisture levels at 0-5 cm and 30 cm, soils at 100 cm 









in April. However, this was still dry when juxtaposed with moisture values 








 in April. 
This may be accounted for by the different rates of infiltration and hydraulic 
conductivity, rather than the forest soils. Unlike the loamy soil in the forests, the soil 
composition and texture at the rubber plantation was sandy and interspersed with 
gravel and small pebbles. In addition, the similar transitions between seasons as 
observed in both the forests and rubber plantation may suggest that with respect to the 
increasing surface soil moisture content at the onset of the wet season, the initial delay 
in the deeper soil was not unexpected. 
More importantly, the land use conversion to a non-native rubber species may 
have impacted the local hydrological cycle, a process and effect that is poorly 
understood (Newman et al., 2006). A native of the Amazon rainforest, rubber is 
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physiologically unusual but not unique within montane mainland Southeast Asia 
(Elliott et al., 2006). It sheds its leaves in the middle of the dry season and flushes 
new leaves before the onset of the wet season, hence hinting at root water uptake 
dynamics that are different from that of the native vegetation, which rehydrate after 
occasional rain events during the dry season or shortly after the start of the rainy 
season (Guardiola-Claramonte et al., 2008). It was postulated that these rubber trees 
may absorb the most water at the beginning of the monsoon season when the soil is at 
its driest. The trees will add strain to the already stressed water tables in these areas 
(Ziegler and Fox, 2009). The characteristics of rubber are suspected to cause changes 
in local climate and catchment processes. Hence, while water content in the forest 
generally increased with depth, it was found that soil moisture tended to decrease with 
depth at the rubber plantation. Although this is a trend that is not yet observable in the 
juvenile rubber plantation, it is suggested that with deep roots in due course of the 
maturing rubber, the water content may be depleted at depth, resulting in less moist 
deep soil (Guardiola-Claramonte et al., 2008). However, it is noteworthy that in 
similar fashion, once well into the wet season and drying down inter-season, soil 
moisture at the rubber plantation decreased in the top 30 cm and maintained at similar 
levels for 30 cm and 100 cm depth (Table 4.16).  
As one of the five key distinctions in the approach of ecohydrology, there is 
potential herein, for the considerations of process interactions operating at a range of 
spatial scales to be pursued (Hannah et al., 2004). The documentation of moisture 
dynamics within the context of a catchment consisting of the dominant non-native 
rubber in the midst of montane mainland Southeast Asia will determine how to 
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intersperse both land use without exacerbating the local hydrological cycle. The 
difference in behaviour with regards to the timing and rates of water consumption will 
point at varying degrees of water extraction at deep soils. Hence, the phenology of 
rubber needs to be given further attention in order to elucidate the sensitivities of root 
zone water usage in accordance with relative soil moisture changes. In turn, the 
implications of understanding hydrological implications of growing non-native rubber 
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5.3 Soil Moisture Measurements: Sensors and Field Samples 
5.3.1 Influencing Factors  
Soil moisture is generally measured on a routine basis over a few locations. It 
is usually measured with either high spatial or high temporal resolution, resulting in 
the production of spatial soil moisture patterns or temporal dynamics. Sampling space 
intervals and sampling frequencies vary accordingly with the measurement devices. 
The investigations at the tropical catchment of Mae Sa has weighted the use of 
combination datasets, pairing both high frequency time series and high intensity 
spatial sampling. 
Comparisons between measurements from the 2009 time series and the 
measurements from the soil cores taken from field sampling revealed complementary 
findings between the 0-5 cm and 100 cm moisture values. The sampling space interval 
of the soil cores was 10 metres and frequency was once at every seasonal inflexion, 
totalling to four times in 2009. The ground measurements achieved through sampling 
networks, though not representative on a regional scale and certainly not feasible in 
deriving global soil moisture climatology, are reliable for low spatial and temporal 
resolution (Douville et al., 2001). In contrast, the sampling space interval was about 
11 km
2
 for the in-situ moisture sensors and its sampling frequency 20 minutes.  
The t-test yielded significant differences through low P results between the 
moisture readings from the in-situ sensors and the field samples. However, it must be 
noted post-haste that the probabilities need to be considered with due care in 
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accordance with the use of combination datasets. The findings were presented with 
the mean difference at 95% confidence interval. At 0-5 cm, the mean differences 








. With reference to Table 4.9, Table 4.10 
and Table 4.11, lower values were observed in September, during the drying down 
inter-season and highest values observed in April, the wetting-up inter-season. It may 
suffice to say that in the drying down inter-season, the continuous readings logged by 
the sensor are best representative of soil moisture within the detailed spatial 
measurements of surface soil moisture within the stipulated sampling grid of 40 
metres by 40 metres. This could be due to enhanced macropore activity within the 
relatively saturated soils where moisture distribution would be more homogenous, a 
postulation that is in line with the observed wet state in temperate Australia (Grayson 
et al., 1997).  No other clear trends were observed at surface soils.  
At 100 cm, lower mean difference was observed, especially during the dry 
season in February (Table 4.15). This may be indicative that measurements from in-
situ sensors are closest to reading from sampled cores during the dry season where 
soil is technically still drying out at the given depth. Although the 13 soil cores, taken 
during preliminary sampling procedures at 100 cm at each of the forest types, were 
not statistically different, an increased sample size might provide a broader sampling 
base in order to make comparisons with the measurements from the in-situ sensors. 
Alternatively, the low mean difference could indicate that throughout the year, similar 
influences shape the forest soil moisture at depth. This is with the exception of the dry 




 in the dry 




 in the wet season. However, this is not in agreement with De 
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Lannoy et al. (2006) where the cross correlation between the time series of soil 
moisture at different points in space decreased with depth and was more variable in 
deeper layers.  
This result needs further investigation in order for verification and 
extrapolation. While the sensor may be a good representative of general trends of 
catchments, the local variability in soil cores such as the occurrences of macropores 
might reduce the overall reliability of comparing a mere 25 samples over 40 metres by 
40 metres. Hence, in order for a scientifically reliable test of the spatial 
representativeness of the in-situ sensor, there needs to be longer sampling periods at 
each seasonal inflexion and more intensive collection within the designated proximity. 
 
5.3.2 Prospects in Complementary Measurements 
Hydrology, as a natural Earth science has undertaken empirical measurements 
in order for the scientific theories to be understood and applied. In fact, the field of 
hydrology needs to be well rooted in holistic understanding of its heterogeneous 
surroundings, including soil, vegetation and land use (Sivapalan, 2003). Soil moisture 
patters are also highly related to watershed topography. The growing interesting in 
predicting hydrological response has spurred on various modelling approaches. In the 
face of much spatial variability in measurements and modelling approaches, there is 
never sufficient data at all scales to describe and account for the complexities. As 
such, the intention of pairing high frequency time series and high intensity spatial 
sampling could be key and relevant in finding scales at which different hydrological 
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functions and attributes are explored. The water balance needs to be understood in the 
realms of soil and vegetation. For an integrated and holistic description, the pattern 
behind the data needs to be further substantiated and coupled with localized factors 
for this Mae Sa catchment. 
Prior discussions regarding the dry and wet states of soil moisture in the Mae 
Sa catchment has yielded other plausible avenues of exploration. The impact of 
topography and soil conditions may exert greater influence on moisture distribution 
on a hillslope during the wet season. Depending on the amount of precipitation, the 
temporal distribution of soil moisture could be significantly affected by subsurface 
conditions which are governed by macropores (Beven and Germann, 1982; Noguchi 
et al., 1997; Kim, 2009). However, neither the high temporal frequency dataset nor 
the episodic spatial samples will suffice in characterizing the processes in their 
variability.  
Current to this thesis, it has been established that soil moisture variability from 
the mean values decreases as depth increases. At surface level where soil moisture 
processes and localized factors such as the soil crusting at the juvenile rubber forest 
may signify that the coupling of sensor-based measurements with that from field 
sampled cores needs to be developed further over a longer period of observation. First, 
the combination datasets with different spatio-temporal resolution may result in 
synergistic effects and thus yield additional insights about seasonal variation. This 
could help establish time-stable sites where soil moisture is consistently higher or 
consistently lower than the average value. Second, such datasets could prove to be 
more effective in connecting the hydrological response of the catchment in question. 
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By doing away with the traditional linear plots, data visualization could be enhanced 
depending on the scale of the processes in question (Robinson et al., 2008).  
Future sampling domains should be deliberately tiered and expanded in step-
wise measurements where the stratified sampling methods would be able to better 
accommodate the undulating contours of a hillslope. Not only are the spatial 
characterization of a hillslope more easily accounted for, the threshold of the in-situ 
sensor‟s representativeness may also be more quantifiable. More focus could also be 
given to rainfall events to understand how the small and fast burst of precipitation 
leads to moisture content rebounding to previous levels during each of the wet and dry 
states. Subsurface flows and other local factors such as soil composition may be better 
monitored. 
In summary, the synergy of soil moisture datasets with varying spatio-
temporal resolution may be useful for the investigation of the dry and wet states. This 
is especially so given that the temporal variations between seasons and within the 
inter-seasonal transitions of the montane mainland forest might hint at different 
spatial patterns throughout the year. For this cause, the optimal sampling frequencies 




SUMMARY AND CONCLUSION 
This present thesis set out to understand soil moisture dynamics in the tropical 
montane forest at Mae Sa catchment in Chiang Mai, Northern Thailand. The 
investigation was focused on observing moisture variability in relation to the 
dominant moisture states. The major findings of this present thesis are summarized 
below and arranged to answer the three objectives listed in Chapter 1: 
1. The description of the temporal trends of soil moisture states in the upper 
decimetres and presentation of similar patterns across all three forest types.  
a. The soil moisture trends among the dry dipterocarp forest, mixed 
evergreen forest and pine forest are not different. From the five-year time 
series spanning June 2004 to September 2009, the mean soil moisture was 













 at 200 cm. Moisture variability was highest at the surface soils, 
with a standard deviation of 0.06.  
b. The five-year time series gave an appreciation of soil moisture trends 

















 at 100 cm 








 at 200 cm. It was found that, 
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overall, in three forest types, soil moisture was lowest in March and 
highest in September, with the exception of soil at 100 cm and 200 cm 
depths. This coincided with the end of the dry season and monsoon from 
June to September. Although precipitation had begun in March, soil 
moisture values picked up only in April. In fact, at 100cm and 200 cm 
depths, soils continued to dry out until April. It was also found from the 
five-year time series that moisture was most variable at surface soils.  
 
2. The investigation of the temporal dynamics of soil moisture over the seasonal 
changes spanning the year 2009, with particular attention to whether there is 
greater temporal stability in the dry and wet seasons than the wetting up and 
drying down inter-seasons. 
a. Field sampling was conducted four times over 2009 at the seasonal 
inflexions as determined by amounts of precipitation received. They are, 
namely, mid-February for the dry season, late April for the wetting up 
inter-season, mid-June for the wet season and late September for the 
drying down inter-season. Field sampling at 0-5 cm, 30 cm and 100 cm 
yielded observations of soil moisture as they transited between the dry and 
the wet season. 
b. Soil moisture was not found to be more variable in the inter-season than 
the actual dry and wet seasons. In fact, it was found that soil moisture was 
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more variable in the latter half of the year between June and December, 
spanning the wet season and the drying down inter-season. The exception 
was that of soil moisture at 100 cm depth which was most variable during 
February, the dry season. The difference was explained by the slower 
response time to precipitation. At 100 cm depth, the lag time between 
precipitation and a general sustained change in soil moisture values was 
found to be one month. Hence, having accounted for the lag time, the 
observation of soil moisture variability being lowest at the dry season is 
actually a reflection of variability during the stage of the 100 cm soils 
drying down.   
c. As the moisture levels transited between the dry and the wet states, 
precipitation was observed to be the dominant control in the influence of 
moisture levels. As the soil moisture transited out of the dry state into the 
initial wetting up in response to the first instances of precipitation, the 
relatively dried-out soils reflected incidental wetting up based on 
antecedent precipitation. As expected, surface soils were most sensitive to 
precipitation, with a lag time of about four days. On the other hand, at the 
transition out of the wet state into the initial drying, soil moisture was 
more responsive to the first instances of the lack of precipitation, which 
took place within a day.  
d. It was discussed that local factors such as soil texture and topographic 
activity may not have exerted significant influence until the wet state, 
during which, areas of depression in the hillslopes would act as points of 
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moisture confluence. It was noteworthy that the hillslopes selected in this 
study were of similar nature; that is, topography of the three study sites 
were all of smooth, gentle gradients and held as control. However, given 
the transitional differences between the dry and the wet states, further 
attention is needed to investigate and to track the soil moisture change. 
This was concluded to be especially important for the montane mainland 
forests because the transitional stages. That is, the inter-seasons span a 
period of two months at each juncture, thus totalling at least one-third of 
the year, unlike that in the temperate region which over occurs over one 
month.  
 
3. The comparison and description of the variability of soil moisture between two 
land use/cover types – forests and juvenile rubber plantation. 
a. Moisture levels were found to be different between the forests and the 
juvenile rubber plantation. Moisture levels at the rubber plantation were of 
a much lower range than at the forests. Nonetheless, the lower moisture 
ranges were coupled with a similar minimum-maximum range as 




 in the dry 




 during the wet season. However, soil moisture 
values from the two land use/cover seem to undergo similar transitions 
with different response times to the change in precipitation levels. In 
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accordance with the different soil type at the rubber plantation, this may 
hint at a stronger localized control such as soil texture. 
b. The change in land use/cover from forests to rubber plantations has been 
economically driven. At such unprecedented rates, the understanding of 
the hydrological implications of growing non-native rubber in montane 
mainland Southeast Asia may elucidate how to better manage land cover 
conversion. In specificity, usage of water at root zone levels of rubber is 
cause for a separate investigation on its own to ascertain the change in soil 
moisture levels over the seasons. The increasing breadth of this 
knowledge would offer insights as to how soil moisture varies at depth 
across seasons, and in turn, lend valuable perspectives to the hydrological 
effects of interspersing rubber plantations in the midst of montane 
mainland Southeast Asia. 
This thesis has documented the temporal variation of soil moisture across 
seasonal changes at the depths of 0-5 cm, 30 cm, 100 cm and 200 cm. It has also 
examined the degree of soil moisture variability between seasons and inter-seasons of 
the southwest monsoon. Contributing factors that might explain the variability at 
different seasonal inflexions were also discussed.  
The practical outworkings of these findings are multifaceted. First, and at the 
onset, the new findings can be applied as a launch pad to the further understanding of 
montane mainland Southeast Asia. This is of particular importance in the face of the 
changing land covers in Thailand. There has been little policy or legal framework in 
Chapter 6   Summary and Conclusion 
  124 
Thailand that allows for the preservation of such fallow-related secondary forest cover 
such as the mixed evergreen forest (Schmidt-Vogt, 2001). Second, in light of the rapid 
and economically-driven land cover change from forest to rubber plantations, this data 
could be useful in understanding the hydrological implications of interspersing rubber 
plantations in the midst of montane mainland. These rubber trees are non-native to 
Thailand and were transplanted from South America. The trees are likely to change 
the hydrological cycle. Although soil moisture tends to increase with depth, it was 
found that the soil moisture decreased with depth at rubber plantations. Further 
investigation is needed to ascertain the degree of strain that the increasing extent of 
rubber plantations could have on the hydrological cycle. Third, since the wet and dry 
moisture conditions may result in spatial patterns of soil moisture being controlled by 
different processes, the implication is that a confluence of factors is now required to 
determine soil wetness in catchments. In catchments where time-stable areas can be 
identified, experimental designs could improve. The high spatial intensity sampling 
with well-installed stationary moisture sensors would help illustrate and depict the 
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